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METHOD AND COMPOSITION FOR
GENERATING BASAL FOREBRAIN
CHOLINERGIC NEURONS (BFCNS)

CROSS REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit of priority under 35

U.S.C. § 119(e) of U.S. Provisional Patent Application Ser.
No. 62/511,271, filed May 25, 2017, U.S. Provisional Patent
Application Ser. No. 62/571,741, filed Oct. 12, 2017, U.S.
Provisional Patent Application Ser. No. 62/574,639, filed
Oct. 19, 2017, and U.S. Provisional Patent Application Ser.

No. 62/586,571, filed Nov. 15, 2017, the entire contents of
cach of which 1s incorporated herein by reference in their
entireties.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
Grant Nos. AG005138, AG046170, and AG042965 awarded
by the National Institutes of Health. The government has
certain rights 1n the mvention.

INCORPORAITTON OF SEQUENCE LISTING

The material 1n the accompanying sequence listing 1s
hereby icorporated by reference into this application. The
accompanying sequence listing text file, name
NYSC1390_4_Sequence_Listing.txt, was created on May
24, 2018, and 1s 53 kb. The file can be accessed using

Microsoit Word on a computer that uses Windows OS.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates generally to the field of
medicine, and more specifically to methods and composi-
tions for developing basal forebrain cholinergic neurons
(BFCNs) from stem cells, and in particular, BFCNs com-
prising repaired electrophysiological defects relating to one
or more mutations in the presenilin 2 gene (PSEN2), and the

use of such BFCNs 1n cell-based therapies to treat Alzheim-
er’s disease.

Background Information

Alzheimer’s disease (AD) 1s a progressive disease result-
ing 1n senile dementia. Broadly speaking the disease falls
into two categories: late onset, which occurs 1n old age (65+
years) and early onset, which develops well betfore the senile
period, 1.e, between 35 and 60 years. In both types of
disease, the pathology 1s the same but the abnormalities tend
to be more severe and widespread 1n cases beginning at an
carlier age. The disease 1s characterized by at least two types
of lesions 1n the brain, senile plaques and neurofibrillary
tangles. Senile plaques are areas of disorganized neuropil up
to 150 um across with extracellular amyloid deposits at the
center visible by microscopic analysis of sections of brain
tissue. Neurofibrillary tangles are intracellular deposits of
microtubule associated tau protein consisting of two fila-
ments twisted about each other in pairs.

The principal constituent of the plaques 1s a peptide
termed A} or p-amyloid peptide. A} peptide 1s an internal
fragment of 39-43 amino acids of a precursor protein termed
amyloid precursor protein (APP). Several mutations within
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the APP protein have been correlated with the presence of
Alzheimer’s disease. Such mutations are thought to cause

Alzheimer’s disease by increased or altered processing of
APP to AP, particularly processing of APP to increased
amounts of the long form of A} (i.e., AB1-42 and A31-43).
Mutations in other genes, such as the presenilin genes,
PSEN1 and PSEN2, are thought indirectly to ailect process-
ing of APP to generate increased amounts of long form Af3.
These observations suggest that Af3, and particularly 1ts long
form, 1s a causative element 1n Alzheimer’s disease.

There are 5 million people currently affected by Alzheim-
er’s disease in the US and, according to the Alzheimer’s
Association, this number will increase to 16 million by the
year 2050. Unfortunately, we only have direct evidence for
genetic causation that accounts for 3-5% of these patients.
This percentage encompasses the autosomal dominant early
onset familial Alzheimer’s disease (EOFAD) variants caused
by inherited fully penetrant autosomal dominant mutations
in the APP, or PSEN1, PSEN2 that constitute the y-secretase
apparatus [87], and changes in their function increases the
production of AP42 oligomers and/or deposition of amyloid
plaques.

After decades studying murine models of AD that do not
tully recapitulate the pathophysiology of this disease in the
human brain [5, 57, 58], a complementary new concept of
AD modeling 1n vitro has emerged upon the breakthrough by
[81] allowing adult human tissue reprogramming into 1PSC
using defined factors, and their subsequent in vitro differ-
entiation 1mto specific brain cell types.

BFCNs are one of the most vulnerable neuronal popula-
tions whose deterioration explains, 1 part, the cognitive
decline in AD patients. Apart from the evidence for BFCN
tailure and atrophy, other studies have revealed that human
embryonic stem cell-dertved BFCNs transplanted into AD
mouse models can be associated with improvement in the
learning behavior of the implanted mouse [94]. These find-
ings highlight the relevance of 1PSC- and ESC-derived
BFCNs as not only early clinical indicators but also as a
potential strategy for subtype-specific cell-based therapy for
AD [39]. In order to move this cell-based therapeutic
strategy forward, there has been an urgent need for a refined

differentiation protocol to generate human ESC- and/or
1IPSC-derived BFCNes.

SUMMARY OF THE INVENTION

The present ivention provides a highly reproducible
protocol to ethiciently derive BFCNs from pluripotent stem
cells (PSCs), including embryonic stem cells (ESCs) and
induced pluripotent stem cells 1PSCs).

Accordingly, in one embodiment, the invention provides
a method of generating BFCNs. The method includes cul-
turing PSCs 1 a basal media comprising an inhibitor of
transforming growth factor beta (TGF-p) signaling and an
activator of sonic hedgehog (Shh) signaling to induce neu-
roectodermal differentiation. In some aspects, the basal
media 1s a modified mTeSR1 formulation that lacks factors
that support pluripotency including basic fibroblast growth
factor (bFGF), TGF-f3, lithtum chloride (L1—Cl), GABA
and pipecolic acid. In some aspects, culturing 1s performed
in the presence of dual SMAD inhibitors, such as SB431542
and LDN193189 along with one or more agonists of
smoothened protein, such as smoothened agonist (SAG) and
purmorphamine. After about 9, 10, 11 or 12 days of cultur-
ing, CD271+ cells are selected and in a neuronal basal
medium, such as Brainphys™ to generate neuronal
embryoid bodies (NEBs). The neuronal basal medium 1s
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optionally supplemented with one or more of B27 supple-
ment, an inhibitor of rho-associated protein kinase (ROCK),
nerve growth factor (NGF) and brain derived neurotrophic
tactor (BDNF). After about 7, 8, 9 or 10 days of culturing the
CD271+ cells, the formed NEBs are harvested, dissociated,
and plated as monolayer cultures and further cultured 1n a
neuronal basal medium optionally supplemented with B27
supplement, NGF and BDNF. To ensure diflerentiation nto
BFCNs, the cultured cells are analyzed for positive expres-
sion of Tujl, MAP2, BF1, Nkx2.1 and p’/5.

In another embodiment, the method utilizes 1PSCs which
may be treated with a gene editing system to repair one or
more mutations, such as a mutation of presenilin 1 (PSENT1)
or presenilin 2 (PSEN2). In one aspect, the mutation 1s
PSEN2Y'"*"  repair of which restores neuronal excitability
in BFCNs.

Accordingly, 1n another embodiment, the mvention pro-
vides a method of treating a disease or disorder 1n a subject.
The method ncludes administering to a subject a BFCN
generated using the culturing method described herein. In
certain aspects, the disease or disorder 1s an amyloidogenic
disease, such as systemic amyloidosis, Alzheimer’s disease,
mature onset diabetes, Parkinson’s disease, Huntington’s
disease, fronto-temporal dementia, and prion-related trans-
missible spongiform encephalopathies. In embodiments, a
BFCN having a mutation that impairs neuronal excitability,
such as PSEN2Y"*"| may be obtained from a subject and
used to generate an 1PSC, which 1n turn may be treated with
a gene editing system to repair the mutation. The gene edited
1PSC 1s then cultured as described herein to produce BFCNs
having restored neuronal excitability which are administered
to the subject to treat the disease or disorder. In certain
aspects, the disease or disorder 1s AD.

In a related embodiment, the invention provides a method
of restoring neuronal excitability in BFCNs 1n a subject. The
method 1ncludes: a) 1solating a BFCN from the subject,
wherein the BFCN has a mutation in PSEN2 resulting in
impaired neuronal excitability of the BFCN; b) generating
an 1PSC using the BFCN of (a); ¢) repairing the PSEN2
mutation in the 1IPSC; d) culturing the 1PSC of (¢) using the
differentiation protocol described herein to generate a BFCN
having the repaired mutation; and €) administering the 1PSC
of (d) to the subject, thereby restoring neuronal excitability
in BFCNs 1n the subject.

Also provided 1s a method of 1identifying a compound for
treatment or prevention of a disease or disorder associated
with diminished neuronal excitability in BFCNs. The
method 1ncludes: a) contacting a BFCN or neuronal
embryoid body (NEB) generated using the differentiation
protocol described herein with a candidate compound,
wherein the BFCN comprises a mutation in PSEN2 resulting,
in 1mpaired neuronal excitability of the BFCN; and b)
detecting neuronal excitability of the BFCN after contact
with the candidate compound. An increase in neuronal
excitability of the BFCN after contact with the candidate
compound 1dentifies the compound as a compound poten-
tially capable of restoring neuronal excitability in BFCNs.

The mnvention further provides a BFCN generated using,
the differentiation protocol as described herein. The BFCN
may 1nclude a gene edited repair of PSEN2, as well as
detectable marker recombinantly introduced into the BFCN
genome.

The invention also provides a kit for generating a BFCN.
The kit includes a culture media having an inhibitor of
TGF-f3 signaling and an activator of Shh signaling. In
embodiments, the culture media 1s a modified mTeSR1
formulation that lacks factors that support pluripotency
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including bFGE, TGF-3, lithium chloride (L1—Cl1), GABA
and pipecolic acid. In embodiments, the culture media
includes dual SMAD inhibitors, such as SB431542 and
L.DN193189, along with one or more agonists of smooth-
ened protein, such as smoothened agonist (SAG) and pur-
morphamine. The kit may also include a neuronal basal
medium, such as Brainphys™ optionally supplemented with
one or more of B27 supplement, an inhibitor of ROCK, NGF
sand BDNF. In embodiments, the kit includes reagents for

detection of CD271+ cells as well as cells which positively
express Tujl, MAP2, BF1, Nkx2.1 and p75.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIGS. 1A-1E. Overview schematic of basal cholinergic
differentiation protocol. (A) Cells are plated and allowed to
reach 100% contluency (Day 0), before the initiation of dual
SMAD 1nhibition and the subsequent introduction of ven-
tralizing agents (Day 2). At day 10 the monolayer 1s disso-
ciated, sorted for p75+ cells, and kept as NEBs until day 19.
Then the culture 1s dissociated again into a monolayer (See
Methods for more details). (B) Leit panel shows sustained
EGFP expression driven by Nkx2.1 induction in NKx2.1-
EGFP hESCs upon SHH plus purmorphamine or SAG plus
purmorphamine treatment, maintained at Day 14, after
removal of treatment at Day 8. Right panel shows Nkx2.1,
Lhx8 and BF1 relative gene expression to GAPDH mea-
sured by qPCR, 1n NKx2.1-EGFP cell line 1n the presence of
the mdicated ventralizing agents, or unpatterned (UNP) at
Day 12. n=3, 1n technical triplicates. (C) Contocal micro-
scope 1mages of Nestin, Sox2 and DRAQS immunostaining,
in 1Control and control lines at Day 11, showing typical
neural rosettes (left panel), or Tuyl, Nkx2.1 nght and
DRAQS 1n the right panel. Images representative of 3
independent experiments. (D) Fluorescence microscope
images of immunostained NEB cryosections or dissociated

NEBs imto a monolayer with the BFCN markers Nkx2.1/
Tu1/p75/BF1/MAP2/ChAT. (E) Dissociated NEBs 1nto a
monolayer immunostained at Day 50 with MAP2, ChAT and
Hoescht. Fluorescence microscope images the effect of NGF
addition to SAG plus purmorphamine treatment alone.
Images are representative of at least 3 independent experi-
ments.

FIGS. 2A-2F. Basal cholinergic markers in PSEN2V'*Y
neuroprecursors. (A) Table showing the cell lines used. Four
1PS lines reprogrammed from fibroblasts were used; two
controls (949 and 050643, labelled as {Control and Control,
respectively) that do not carry the PSEN2™"*" mutation nor
the £4 allele; and two AD patients (948 and 930, labelled as
AD1 and AD2, respectively) who carry the mutation and the
£4 allele. Three of the four 1PS lines were family related
(1Control, ADI1, and AD2). (B) Representative Sanger
sequencing chromatograms showing a fragment of exon S of
PSEN2. Arrow marks site of the missense point mutation
Chrl:227,073,304 A>T. (C) Immunocytochemistry and RT-
PCR for early neuronal and basal forebrain markers. n=3, 3
independent experiments with techmical triplicates. (D)
RTPCR fold changes for TUJ1 and BF1. n=3, 3 independent
experiments with technical triplicates. (E) Representative
histograms for P75 stamning. n>6. (F) AP40 and Ap42
ELISA quantifications. n=3, 3 independent experiments with
technical triplicates. ***, p<0.001. *, p<0.05.

FIGS. 3A-3B. Neuronal and basal cholinergic markers by
immunocytochemistry. (A) Immunostaining for TrkA on

DIV 21. (B) Immunostaimings for ChAT and vAChT at
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different magnifications at DIV6S; and Tujl and MAP2.
Images are representative of at least 3 independent experi-
ments.

FIGS. 4A-4D. CRISPR/Cas9-mediated correction of
PSEN2V!'*iPS lines. (A) Schematic showing guide RNAs
used 1n the targeting of CRISPR/Cas9, as well as donor
ssODN s utilized to mtroduce wild-type genotype. Sequence
identifiers from top to bottom: SEQ ID NOs: 26-31. (B) Lett
2 panels show GFP positive HEK293T cells indicating Cas9
system with guide RNA expression, NT refers to non-
transiected; right 2 panels show sample of GFP positive
1PSCs after lipofection with pCas9-gN1411-GFP vector. (C)
Sanger sequencing results from 1PSC lines, showing correc-
tions in the N1411 mutation. (D) AP 42/40 ratio detected by
ELISA 1n 72 h conditioned media from mutant, control or
Cispr-Cas9 corrected BFCNs (DIV 34). n=4, 4 independent
experiments with technical triplicates. *, p<t0.05; **, p<t0.01
Student T-test.

FIGS. 5A-5B. BFCNs carrying various PSEN mutations
are not consistently more susceptible to AP42 oligomer
toxicity. (A) Sample images of BFCNs from the indicated
genotypes treated with propidium 1odide to visualize cell
death 1n response to 72-h exposure to ApP42 oligomers (5
uM). (B) % LDH Release recorded from media collected
after 72-h exposure. n=3, 3 independent experiments with
technical triplicates. *, p<<0.05; **, p<0.01 as detected by
2-Way ANOVA Bonferroni post hoc tests.

FIGS. 6 A-6F. NLRP2 mnflammasome mRNA levels are
over-expressed in some PSEN2Y'*" cells, but it is not driven
by mutation. RT-PCR expression of (A) NLRP2, (B)
NLRP3, and (C) ASB9 1n cholinergic neuroprecursors. (D)
Western blot showing NLRP2, PSEN2 and 13-Actin. RT-
PCR expression of NLRP2 in Neuroprecursors (E) and
BFCNs (F). n=3, 3 independent experiments with technical
triplicates, for all panels. ***, p<<0.001.

FIGS. 7A-TB. Electrophysiological and morphological
teatures of BFCN. (A) Top row—compound sodium and
potassium currents produced by a voltage protocol shown in
bottom row. Current trace produced by a voltage step to -20
mV shown 1in red. Inset shows first 25 ms of a current
produced by a voltage step to —20 mV (scale bars 200 pA,
5 ms). (B) Diflerential interference contrast image of a
patched BFCN recorded i (A). Ninety-four neurons (22
wild-type control, 21 familial control, 18 AD1, 28 AD2 and
5 1AD1_control). Scale bar 1s 30 um.

FIGS. 8A-8C. Electrophysiological deficits in BFCNs
from AD lines. (A) Co-localization of biocytin-labelled
neurons with cholinergic markers ChAT and VAChHT.
Arrows indicate positions of recorded neurons somas, scale
bar 1s 50 um. (B) Representative firing patterns of BFCNs
produced by a 1 sec negative and positive square current
injection are depicted. A grand total of 94 individual neurons
were studied electrophysiologically: 22 wild-type control
neurons, 21 familial control neurons, 18 AD1 neurons, 28
AD?2 neurons, and 5 1ADI1_(CRISPR-corrected) neurons.
The experiments on the 94 neurons required days to weeks.
On each experimental day, representatives from each geno-
type were 1ncluded, with at least three samples from each
genotype studied each day. (C) Summary data on maximum
number of action potentials that neurons are capable of
sustaining (left) and height of a single action potential at
rheobase (right) across all conditions. Individual data points
are shown as circles, group means are shown as bars. **,
p<t0.01 Tukey HSD test.

FIGS. 9A-9D. Intrinsic electrophysiological properties of
BFCNs. Summary data on all recorded BFCNs from five

groups. Ninety-four neurons (22 wild-type control, 21 famil-
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1al control, 18 ADI1, 28 AD2 and 5 1ADI1_control). Histo-
grams show individual values from each neuron (circle) and

group means (bars) for membrane resistance (A), capaci-
tance (B), resting potential (C) and rheobase current (D).
Statistical significance was tested with ANOVA and Tukey’s
post hoc comparisons.

FIGS. 10A-10B. Quality control of 1iPSC lines. (A) Immu-
nofluorescence shows expression of pluripotency markers
SSEA4, Nanog, Tral60 and i 7889(S)B 1PSC line. (B)
Three germ layers (endoderm, mesoderm, and ectoderm)
from teratomas generated by 7889(S)B 1PSC line.

FIGS. 11A-11B. Amyloid p levels in mature BFCNs. (A)
Levels of ABP40 on BFCNs (DIV 34). *, P<0.01 vs. other
lines 1n study according to One-Way ANOVA Bonferroni
Post-hoc test. (B) Levels of AP42 on BFCNs (DIV 34). n=3,
3 idependent experiments with technical triplicates. *,
P<0.01 based on Student’s T-test.

L1l

DETAILED DESCRIPTION OF TH.
INVENTION

The present invention 1s based on the discovery of a
robust, fast, and reproducible differentiation protocol to
generate BFCNs from PSCs using a chemically defined
medium.

The following 1s a detailed description of the mnvention
provided to aid those skilled in the art in practicing the
present invention. Those of ordinary skill in the art may
make modifications and varnations 1 the embodiments
described herein without departing from the spirit or scope
of the present invention. Unless otherwise defined, all tech-
nical and scientific terms used herein have the same meaning
as commonly understood by one of ordinary skill 1n the art
to which this invention belongs. The terminology used in the
description of the invention herein 1s for describing particu-
lar embodiments only and 1s not intended to be limiting of
the mnvention. All publications, patent applications, patents,
figures and other references mentioned herein are expressly
incorporated by reference in their entirety.

Although any methods and materials similar or equivalent
to those described. herein can also be used in the practice or
testing of the present invention, the preferred methods and
maternials are now described. All publications mentioned
herein are incorporated herein by reference to disclose and
described the methods and/or materials in connection with
which the publications are cited.

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. The following references, the entire
disclosures of which are incorporated herein by reference,
provide one of skill with a general definition of many of the
terms (unless defined otherwise herein) used 1n this inven-
tion: Singleton et al., Dictionary of Microbiology and
Molecular Biology (2nd ed. 1994); The Cambridge Diction-
ary of Science and Technology (Walker ed., 1988); The
Glossary of Genetics, Sth Ed., R. Rieger et al. (eds.),
Springer Verlag (1991); and Hale & Marham, the Harper
Collins Dictionary of Biology (1991). Generally, the proce-
dures of molecular biology methods described or inherent
herein and the like are common methods used 1n the art.
Such standard techniques can be found 1n reference manuals
such as for example Sambrook et al., (2000, Molecular
Cloning—A Laboratory Manual, Third Edition, Cold Spring
Harbor Laboratories); and Ausubel et al., (1994, Current
Protocols in Molecular Biology, John Wiley & Sons, New-
York).
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The terminology used 1n the description 1s for describing
particular embodiments only and 1s not intended to be
limiting of the nvention. Where a range of values 1is
provided, 1t 1s understood that each intervening value, to the
tenth of the unit of the lower limit unless the context clearly
dictates otherwise (such as 1n the case of a group containing
a number of carbon atoms in which case each carbon atom
number falling within the range 1s provided), between the
upper and lower limit of that range and any other stated or
intervening value 1n that stated range 1s encompassed within
the mvention. The upper and lower limits of these smaller
ranges may independently be included in the smaller ranges
1s also encompassed within the invention, subject to any
specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges
excluding either both of those included limits are also
included 1n the mvention.

The following terms are used to describe the present
invention. In instances where a term 1s not specifically
defined herein, that term 1s given an art-recognized meaning
by those of ordinary skill applying that term 1n context to its
use 1n describing the present invention.

The articles “a” and *“an™ as used herein and in the
appended claims are used herein to refer to one or to more
than one (i.e., to at least one) of the grammatical object of
the article unless the context clearly indicates otherwise. By
way of example, “an element” means one element or more
than one element.

The phrase “and/or,” as used herein in the specification
and 1n the claims, should be understood to mean “either or
both” of the elements so conjoined, 1.e., elements that are
conjunctively present 1n some cases and disjunctively pres-
ent 1n other cases. Multiple elements listed with “and/or”
should be construed 1n the same fashion, 1.e., “one or more”
of the elements so conjoined. Other elements may optionally
be present other than the elements specifically 1dentified by
the “and/or” clause, whether related or unrelated to those
clements specifically identified. Thus, as a non-limiting
example, a reference to “A and/or B”, when used 1n con-
junction with open-ended language such as “comprising”
can refer, in one embodiment, to A only (optionally includ-
ing elements other than B); 1n another embodiment, to B
only (optionally including elements other than A); 1in yet
another embodiment, to both A and B (optionally including
other elements).

As used herein 1n the specification and 1n the claims, “or”
should be understood to have the same meaning as “and/or”
as defined above. For example, when separating items 1n a
list, “or” or “and/or” shall be interpreted as being inclusive,
1.¢., the inclusion of at least one, but also including more
than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the
contrary, such as “only one of” or “exactly one of,” or, when
used in the claims, “consisting of,” will refer to the inclusion
ol exactly one element of a number or list of elements. In
general, the term “or” as used herein. shall only be inter-
preted as indicating exclusive alternatives (1.e., “one or the
other but not both”) when preceded by terms of exclusivity,
such as “either,” “one of,” “only one of,” or “exactly one o1.”

As used herein 1n the specification and in the claims, the
phrase “at least one,” 1n reference to a list of one or more
elements, should be understood to mean at least one element
selected from anyone or more of the elements in the list of
clements, but not necessarily including at least one of each
and every eclement specifically listed within the list of
clements and not excluding any combinations of elements 1n
the list of elements. This defimition also allows that elements
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may optionally be present other than the elements specifi-
cally identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to
those elements specifically identified. Thus, as a nonlimiting
example, “at least one of A and B” (or, equivalently, “at least
one of A or B,” or, equivalently *“at least one of A and/or B”)
can refer, 1n one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally 1including elements other
than A); 1n yet another embodiment, to at least one, option-
ally mncluding more than one, A, and at least one, optionally
including more than one, B (and optionally including other
clements).

It should also be understood that, i1n certain methods
described herein that include more than one step or act, the
order of the steps or acts of the method 1s not necessarily
limited to the order 1n which the steps or acts of the method
are recited unless the context indicates otherwise.

The term “PSEN2 gene” refers herein to a gene that

encodes a PSEN2 polypeptide. The PSEN2 gene 1s repre-
sented by NCBI Reference Sequence: NC_000001.11 (SEQ

ID NO: 1) as well as known orthologs. The term “PSEN2
polypeptide” refers herein to a polypeptide that 1s repre-
sented by NCBI Reference Sequence: NP_000438.2 (SEQ
ID NO: 2) as well as known orthologs.

The term “amyloidogenic disease” includes any disease
associated with (or caused by) the formation or deposition of
insoluble amyloid fibrils. Exemplary amyloidogenic dis-
cases 1nclude, but are not limited to systemic amyloidosis,
Alzheimer’s disease, mature onset diabetes, Parkinson’s
disease, Huntington’s disease, fronto-temporal dementia,
and the prion-related transmissible spongiform encepha-
lopathies (kuru and Creutzteldt-Jacob disease 1n humans and
scrapie and BSE in sheep and cattle, respectively). Diflerent
amyloidogenic diseases are defined or characterized by the
nature of the polypeptide component of the fibrils deposited.
For example, in subjects or patients having Alzheimer’s
disease, p-amyloid protein (e.g., wild-type, variant, or trun-
cated B-amyloid protein) 1s the characterizing polypeptide
component of the amyloid deposit. Accordingly, Alzheim-
er’s disease 1s an example of a “disease characterized by
deposits of AB” or a “disease associated with deposits of
AR, e.g., 1n the brain of a subject or patient. The terms
“B-amyloid protein”, “PB-amyloid peptide”, “p-amyloid”,
“AP” and “Af} peptide” are used interchangeably herein.

The term “‘patient” or “subject” 1s used throughout the
specification to describe an animal, preferably a human or a
domesticated animal, to whom treatment, including prophy-
lactic treatment, with the compositions according to the
present disclosure 1s provided. For treatment of conditions
or disease states which are specific for a specific animal such
as a human patient, the term patient refers to that specific
amimal, including a domesticated animal such as a dog or cat
or a farm animal such as a horse, cow, sheep, etc. In general,
in the present disclosure, the term patient refers to a human
patient unless otherwise stated or implied from the context
of the use of the term.

The terms “pP-amyloid protein”, “P-amyloid peptide”,
“B-amylo1d”, “Ap™ and “Ap peptide” are used interchange-
ably herein. AP} peptide (e.g., AP 39, Ap 40, Ap 41, Ap 42
and A3 43) 1s about 4-kDa internal fragment of 39-43 amino
acids of APP. A} 40, for example, consists of residues
672-711 of APP and A3 42 consists of residues 672-713 of
APP. AP peptides include peptides resulting from secretase
cleavage of APP and synthetic peptides having the same or
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essentially the same sequence as the cleavage products. Af3
peptides can be derived from a variety of sources, for
example, tissues, cell lines, or body fluids (e.g. sera or
cerebrospinal fluid). For example, an A g can be derived
from APP-expressing cells such as Chinese hamster ovary

(CHO) cells stably transfected with APP-, ;- F, as described,
for example, n Walsh et al., (2002), Nature, 416, pp
535-539. An A B preparation can be derived from tissue
sources using methods previously described (see, e.g., John-

son-Wood et al., (1997), Proc. Natl. Acad. Sci. USA
04:1550). Alternatively, Ap peptides can be synthesized
using methods which are well known to those 1n the art. See,

for example, Fields et al., Synthetic Peptides: A User’s
Guide, ed. Grant, W.H. Freeman & Co., New York, N.Y.,

1992, p 77). Hence, peptides can be synthesized using the
automated Merrifield techniques of solid phase synthesis
with the .alpha.-amino group protected by either t-Boc or
F-moc chemistry using side chain protected amino acids on,
for example, an Applied Biosystems Peptide Synthesizer
Model 430A or 431. Longer peptide antigens can be syn-
thesized using well known recombinant DNA techniques.
For example, a polynucleotide encoding the peptide or
tusion peptide can be synthesized or molecularly cloned and
inserted 1n a suitable expression vector for the transiection
and heterologous expression by a suitable host cell. A f3
peptide also refers to related A3 sequences that results from
mutations in the AP region of the normal gene.

As used herein the phrase “substantially pure” refers to a
population of cells wherein at least 95% of the cells have the
recited phenotype. In all embodiments that refer to a “sub-
stantially pure” cell population, alternative embodiments 1n
which the cell populations have a lower or higher level of
purity are also contemplated. For example, 1n some embodi-
ments, instead of a given cell population being “substan-
tially pure” the cell population may be one in which at least
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%.,
85%, 90%, 95%, 96%, 97%, 98%., or 99% of the cells, or
100% of the cells, have the recited phenotype.

The terms ‘“co-administration”, “co-administered” and
“co-administering” or “combination therapy” refer to both
concurrent administration (administration of two or more
agents at the same time) and time varied administration
(administration of one or more agents at a time different
from that of the administration of an additional agent or
agents), as long as the agents are present in the area to be
treated to some extent, preferably at eflective amounts, at the
same fime.

The term “‘therapeutically eflective amount” means the
amount required to achieve a therapeutic efiect. The thera-
peutic eflect could be any therapeutic effect ranging from
prevention, symptom amelioration, symptom treatment, to
disease termination or cure, €.g., the treatment of Alzheim-
er’s disease or an associated condition.

As used herein, the term “administering’” 1s meant to refer
to a means of providing the composition to the subject 1n a
manner that results in the composition being inside the
subject’s body. Such an administration can be by any route
including, without limitation, subcutaneous, intradermal,
intravenous, intra-arterial, intraperitoneal, and intramuscu-
lar.

The term “eflective” 1s used to describe an amount of a
compound, composition or component which, when used
within the context of its intended use, effects an intended
result. The term eflective subsumes all other eflfective
amount or effective concentration terms, which are other-
wise described or used in the present application.
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As used herein, the term “comprising’ 1s intended to mean
that the compositions and methods include the recited ele-
ments, but do not exclude other elements. “Consisting
essentially or”, when used to define compositions and meth-
ods, shall mean excluding other elements of any essential
significance to the combination. Thus, a composition con-
sisting essentially of the elements as defined herein would
not exclude trace contaminants from the 1solation and puri-
fication method and pharmaceutically acceptable carriers,
such as phosphate buflered saline, preservatives, and the
like. “Consisting of”” shall mean excluding more than trace
clements of other ingredients and substantial method steps
for administering the compositions of this 1nvention.
Embodiments defined by each of these transition terms are
within the scope of this invention.

Ranges provided herein are understood to be shorthand
for all of the values within the range. For example, a range
of 1 to 50 1s understood to include any number, combination
of numbers, or sub-range from the group consisting of 1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, and 50.

As used herein, “kits” are understood to contain at least
the non-standard laboratory reagents of the mvention and
one or more non-standard laboratory reagents for use in the
methods of the invention.

The term “obtaining” 1s understood herein as manufac-
turing, purchasing, or otherwise coming into possession of.

As used herein, the term “treated,” “treating” or “treat-
ment” mcludes the diminishment or alleviation of at least
one symptom associated or caused by the state, disorder or
disease being treated. A subject that has been treated can
exhibit a partial or total alleviation of symptoms (for
example, Alzheimer’s disease or associated condition), or
symptoms can remain static following treatment according
to the invention. The term “treatment” 1s intended to encom-
pass prophylaxis, therapy and cure.

As used herein, the term “control” refers to a sample or
standard used for comparison with an experimental sample.
In some embodiments, the control 1s a sample obtained from
a healthy patient. In other embodiments, the control 1s a
historical control or standard reference value or range of
values (such as a previously tested sample, subject, or group
ol samples or subjects).

Methods

BFCNs are believed to be one of the first cell types to be
allected 1n all forms of AD, and their dysfunction 1s clini-
cally correlated with impaired short-term memory formation
and retrieval. As detailed in the Example of this disclosure,
the inventors present an optimized in vitro protocol to
generate human BFCNs from 1PSCs, using cell lines from
PSENZ2 mutation carriers and controls. Cell lines harboring
the PSEN2"V'*" mutation displayed an increase in the Ap42/
40 1n 1PSC-derived BFCNs. Neurons dernived {rom
PSEN2Y'"* lines generated fewer maximum number of
spikes 1n response to a square depolarizing current injection.
The height of the first action potential at rheobase current
injection was also significantly decreased in PSEN2Y'*Y
BFCNs. CRISPR/Cas9 correction of the PSEN2 point muta-
tion abolished the electrophysiological deficit, restoring both
the maximal number of spikes and spike height to the levels
recorded 1n controls. Increased AP42/40 was also normal-
ized following CRISPR/Cas-mediated correction of the
PSEN2Y'*" mutation. The genome editing data set forth
herein confirms the robust consistency of mutation-related
changes 1 AP42/40 ratio while also showing a PSEN2-

mutation-related alteration in electrophysiology.
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Accordingly, in one embodiment, the invention provides
a method of generating BFCNs. The method may first
include preparing PSC colonies. PSCs are seeded (plated) at
low density and grown in an adherent culture for about 1-2
days. “Low density” means about 8,000 to about 11,000
cells/cm®. Cells are preferably seeded at about 9,500 to
about 10,500 cells/cm”, more preferably at about 10,000
cells/cm®. After about 1-2 days (or greater, i.e., 3, 4, 5, 6, 7,
8, 9, 10 or more), the PSCs form colomes, which are
preferably about 75 um to about 300 um 1n diameter, more
preferably about 100 um to about 250 um 1n diameter.

The term “PSCs” has 1ts usual meaning in the art, 1.¢.,
self-replicating cells that have the ability to develop into
endoderm, ectoderm, and mesoderm cells. Preterably, PSCs
are hPSCs. PSCs include ESCs and 1PSCs, preferably
hESCs and hiPSCs. PSCs can be seeded on a surface
comprising a matrix, such as a gel or basement membrane
matrix. A preferable matrix i1s the protein mixture secreted
by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells,
sold under trade names including MATRIGEL®, CUL-
TREX®, and GELTREX®. Other suitable matrices include,
without limitation, collagen, fibronectin, gelatin, laminin,
poly-lysine, vitronectin, and combinations thereof.

In some embodiments, media suitable for use in main-
taining pluripotent stem cells 1s used. In embodiments such
a medium 1s mTeSR1 medium from Stem Cell Technologies.
However, one of skill in the art will recognize that there are
several other types of media that are equivalent to mTeSR
medium 1n terms of their suitability for use 1n maintaining
pluripotent stem cells, any of which could be used. Typically
such media will contain one or more pluripotency factors to
facilitate the maintenance of cells 1n a pluripotent state. The
composition of mTeSR1 medium 1s known 1n the art and
described 1n, for example, Ludwig et al., 2006 (Nat Meth-
ods. 2006 August; 3(8):637-46; “Feeder-Independent Cul-
ture of Human Embryonic Stem Cells™), the contents of
which are hereby incorporated by reference.

The pluripotent stem cells used in the method of the
invention can be any suitable type of pluripotent stem cells.
Where 1PSCs are used, such cells may have been “repro-
grammed” to the pluripotent state from a non-pluripotent
state using any suitable means known in the art, including,
but not limited to, modified RNA-based methods, Sendai
virus based methods, and the like. Furthermore, such cells
may have been reprogrammed to the pluripotent state using
any suitable cocktail of reprogramming factors known 1n the
art.

In one embodiment, after PSCs are prepared and grown to
confluence 1n, for example mTeSR1 media, the method
includes culturing the PSCs 1n a basal media comprising an
inhibitor of transforming growth factor beta (TGF-[3) sig-
naling and an activator of sonic hedgehog (Shh) signaling to
induce neuroectodermal differentiation. The basal media
utilized 1s a modified mTeSR1 medium, which 1s a varnant
of mTeSR1 medium (sometimes referred to herein as
“mTeSR1 Custom” medium) that does not comprise lithium
chlonide, GABA, pipecolic acid, bFGF or TGF31. Inhibitors
of TGF[3 signaling include, for example, one or more of
SB431542, GW788388, LDNI193189, LY2109761,
LY2157299, and LY3649477. Activators of Shh signaling
include agonists of Smoothened, such as Smoothened Ago-
nist (SAG;  3-chloro-N-[(1r,4r)-4-(methylamino)cyclo-
hexyl]-N-[3-(pyridin-4-yl)benzyl |benzo[b]thiophene-2-car-
boxamide) and purmorphamine.

After about 6, 7, 8, 9, 10, 11 or 12 days (or greater, 1.€.,
15,16, 17, 18, 19, 20, 25, 30 or more) of culturing, CD271+

cells are selected and cultured in a neuronal basal medium,
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such as Brainphys™ to generate neuronal embryoid bodies
(NEBs). The neuronal basal medium 1s optionally supple-
mented with one or more of B27 supplement, an inhibitor of

rho-associated protein kinase (ROCK), nerve growth factor
(NGF) and brain derived neurotrophic factor (BDNF).

Inhibitors of ROCK i1nclude, for example, GSK269962,
GSK429286, H-1152, HA-1077, RKI-1447, thiazovivin,
Y-27632, or derivatives thereof.

To select for CD271+ cells, overconfluent cells are lifted
from the culture surface and purified by FACS and re-plated.
This process allows for the formation of cell aggregates or
spheres, also referred to herein as NEBs. For purposes of the
present 1nvention, the terms “NEB,” “aggregate” and
“sphere” are used interchangeably and refer to a multicel-
lular three-dimensional structure, preterably, but not neces-
sarily, of at least about 100 cells.

Lifting can be performed mechanically, with a cell scraper
or other suitable implement, or chemically. Chemical lifting
can be achieved using a proteolytic enzyme, for example,
collagenase, trypsin, trypsin-like proteinase, recombinant
enzymes, such as that sold under the trade name TRYPLE™,
naturally derived enzymes, such as that sold under the trade
name ACCUTASE™, and combinations thereof. Chemical
lifting can also be done using a chelator, such as EDTA, or
a compound such as urea. Mechanical lifting or detachment
offers the advantage of minimal cell death, however it
produces aggregates of variable size, thus suitable spheres
need to be selected through a manual picking process. Good
spheres are defined as those having a round-shape, golden/
brown color, with darker core and with a diameter between
about 300 um and about 800 um. Detaching the cells using
chemical methods, such as enzymatic digestion predomi-
nantly produces spheres that are appropriate for further
culture. Therefore manual picking of spheres 1s not required,
and the detachment steps can be adapted for automation and
used 1 high throughput studies. However, enzymatic diges-
tion increases cell death, resulting 1n a lower number of
spheres.

After about 3, 6,7, 8, 9 or 10 days (or greater, 1.e., 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 25, 30 or more) of culturing
selected CD271+ cells, the formed NEBs are harvested,
dissociated, and plated as monolayer cultures and further
cultured 1n a neuronal basal medium, such as Brainphys™,
optionally supplemented with B27 supplement, NGF and
BDNF. The surface on which the cells are plated and
cultured can comprise an extracellular matrix protein (e.g.,
collagen, fibronectin, laminin) and/or a positively charged
poly-amino acid (e.g., poly-arginine, poly-lysine, poly-orni-
thine). Preferably the surface comprises laminin and/or
poly-ornithine.

To ensure differentiation into BFCNs, the cultured cells
are analyzed for positive expression of Tuyl, MAP2, BF1,
Nkx2.1 and p75.

Many of the embodiments of the present nvention
involve certain factors to be used 1n (or excluded from) the
compositions and methods described herein, for example as
media supplements. These include, but are not limited to,
bFGE, GABA, pipecolic acid, lithtum chloride, TGF-§3, NGF
and BDNF. Each of these factors 1s well known 1n the art,
including the full names of each of these factors in the cases
where acronyms or other abbreviations are used. Further-
more, all of these factors are available to the public from
multiple sources, including commercial sources. Exemplary
amounts/concentrations for use of each of these factors 1n
the methods and compositions of the present invention are
provided 1n the Examples section of this patent disclosure.
For all embodiments where specified amounts are referred
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to, amounts that are “about” the specified amount are also
intended. Furthermore, one of skill 1n the art will recognize
that 1n some situations further deviations from the specified
amounts can be used, and will be able to determine how
much of each factor to use by performing routine testing,
optimization, dose-response studies, and the like, for
example to reduce or increase the specified amounts, as long
as the amounts used still achieve the stated eflect, e.g. the
stated differentiation effect. For example, 1n some embodi-
ments specified amounts of the specified agents may be
reduced to 10%, or 20%, or 30%, or 40%, or 50%, or 60%,
or 70%, or 80%, or 90% of the stated amounts. Similarly, 1n
some embodiments the specified amounts of the specified
agents may be increased by 10%, by 20%, by 30%, by 40%,
by 50%, by 60%, by 70%, by 80%, by 90%, by 100%, by
150%, by 200%, by 300%, by 400%, or by 500% of the
stated amounts. Similarly, where specified factors are
referred to, one of skill 1n the art will recognize that analogs,
variants, or derivatives of such factors can also be used as
long as the analogs, variants, or derivatives have the same
general function/activity as the specified factors.

As discussed herein, the inventors have discovered that
mutation of PSEN2 results 1n impaired neuronal excitability
in BFCNs. As discussed in the Example herein the inventors
observed significant mutation-related, editing-reversible dii-
ferences in excitability of BFCNs via repair of PSEN2Y!#H
mutation which restored neuronal excitability. Accordingly,
the method of the invention may utilize 1PSCs which may be
treated with a gene editing system to repair one or more
mutations, such as a mutation of presenilin 1 (PSEN1) or
presenilin 2 (PSEN2). In one embodiment, the mutation 1s
PSEN2Y'"*"  repair of which restores neuronal excitability
in BFCNs.

As used herein the term “gene editing” or “genome
editing” refers to a type of genetic engineering in which
DNA 1s inserted, replaced, or removed from a target DNA,
¢.g., the genome of a cell, using one or more nucleases
and/or nickases. The nucleases create specific double-strand
breaks (DSBs) at desired locations in the genome, and
harness the cell’s endogenous mechanisms to repair the
induced break by homology-directed repair (HDR) (e.g.,
homologous recombination) or by nonhomologous end join-
ing (NHEJ). The nickases create specific single-strand
breaks at desired locations 1n the genome. In one non-
limiting example, two nickases can be used to create two
single-strand breaks on opposite strands of a target DNA,
thereby generating a blunt or a sticky end. Any suitable
nuclease can be introduced ito a cell to induce genome
editing of a target DNA sequence including, but not limited
to, CRISPR-associated protein (Cas) nucleases, zinc finger
nucleases (ZFNs), transcription activator-like eflector nucle-
ases (TALENSs), meganucleases, other endo- or exo-nucle-
ases, variants thereot, fragments thereof, and combinations
thereof. In particular embodiments, nuclease-mediated
genome editing of a target DN A sequence (e.g., a safe harbor
gene) by homology-directed repair (HDR) (e.g., homolo-
gous recombination) 1s used for generating a genetically
modified human neural stem cell 1n accordance with the
methods described herein.

The term “DNA nuclease™ refers to an enzyme capable of
cleaving the phosphodiester bonds between the nucleotide
subunits of DNA, and may be an endonuclease or an
exonuclease. According to the invention, the DNA nuclease
may be an engineered (e.g., programmable or targetable)
DNA nuclease which can be used to induce genome editing
of a target DNA sequence such as a safe harbor gene. Any
suitable DNA nuclease can be used including, but not
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limited to, CRISPR-associated protein (Cas) nucleases, zinc
finger nucleases (ZFNs), transcription activator-like efiector
nucleases (TALENSs), meganucleases, other endo- or exo-
nucleases, variants thereof, fragments thereof, and combi-
nations thereof.

In various embodiments of the invention, a gene editing
system utilizes a DNA nuclease to edit a gene and repair a
mutation. In specific embodiments, a mutation 1s repaired
using one or more of the following gene editing system:
CRISPR/Cas system, Cre/Lox system, TALEN system and
homologous recombination.

The differentiation protocol of the present invention may
be utilized to treat a disease or disorder 1n a subject. The
method includes administering to a subject a BFCN gener-
ated using the culturing method described herein. In various
embodiments, the disease or disorder 1s an amyloidogenic
disease, such as systemic amyloidosis, Alzheimer’s disease,
mature onset diabetes, Parkinson’s disease, Huntington’s
disease, fronto-temporal dementia, and prion-related trans-
missible spongiform encephalopathies. In embodiments, a
BFCN having a mutation that impairs neuronal excitability,
such PSEN2V"*Y may be obtained from a subject and used
to generate an 1PSC, which 1n turn may be treated with a
gene editing system to repair the mutation. The gene edited
1PSC 1s then cultured as described herein to produce BFCNs
having restored neuronal excitability which are administered
to the subject to treat the disease or disorder.

In a related manner, neuronal excitability in BFCNs 1n a
subject may be restored. This method includes: a) 1solating
a BFCN from the subject, wherein the BFCN has a genetic
mutation resulting in 1mpaired neuronal excitability of the
BFCN; h) generating an 1PSC using the BFCN of (a); c)
repairing the mutation in the 1IPSC; d) culturing the 1PSC of
(c) using the differentiation protocol described herein to
generate a BFCN having the repaired mutation; and e)
administering the 1PSC of (d) to the subject, thereby restor-
ing neuronal excitability in BFCNs in the subject. In
embodiments, the mutations 1s of PSEN1 or PSEN2, such as
PSEN2Y!4H

The invention also encompasses BFCNs generated using
the differentiation protocol as described herein. The BFCN
may 1nclude a gene edited repair of PSEN2, as well as a
detectable marker recombinantly introduced into the BFCN
genome. In some embodiments, BFCNs are diflerentiated
from PSCs, and in such embodiments, the PSCs can be
1IPSCs. The 1PSCs can be derived from a somatic cell of a
subject. In one aspect, the subject has an amyloidogenic
disease or disorder.

Alongside 1ts potential for autologous cell transplantation,
1PSC technology 1s emerging as a tool for developing new
drugs and gaining insight into disease pathogenesis. Han, S.
S. W. et al., Neuron. 70:626-644 (2011). The methods and
cells of the mvention can aid the development of high-
throughput 1n vitro screens for compounds that promote
restoration of neuronal excitability. To that end, the disclo-
sure provides a method of 1dentifying a compound that can
be used for treatment or prevention of a disease or disorder
associated with diminished neuronal excitability 1n BFCNs.
The method includes: a) contacting a BFCN or neuronal
embryoid body (NEB) generated using the differentiation
protocol described herein with a candidate compound,
wherein the BFCN comprises a mutation in PSEN2 resulting
in 1mpaired neuronal excitability of the BFCN; and b)
detecting neuronal excitability of the BFCN after contact
with the candidate compound. A beneficial effect on neu-
ronal excitability 1s evident in partial or complete restoration
of neuronal excitability, thereby being indicative of a can-
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didate therapeutic agent for treating a disease or disorder
associated with diminished neuronal excitability 1n BFCNs,

such as an amyloidogenic disease or disorder. Preferably, the
method 1s conducted 1n a high-throughput format.

The invention also provides a model system for a neuro-
logical disease, preferably a disease or disorder associated
with diminished neuronal excitability in BFCNs, such as an
amyloidogenic disease or disorder. In one aspect, the model
system comprises a BFCN diferentiated from an 1PSC
derived from a subject having a disease or disorder associ-
ated with diminished neuronal excitability in BFCNs, such
as an amyloidogenic disease or disorder. The model system
can further comprise a non-human mammal into which the
myelin-producing cell has been transplanted. In one embodi-
ment, the non-human mammal 1s a mouse or a rat. Model
systems provided by the invention can be used to study
diseases or disorders, including understanding underlying
mechanisms and defining therapeutic targets.

In some embodiments the present mvention provides
tissue culture media, tissue culture media supplements, and
vartous Kkits useful i performing the various methods
described herein.

In one embodiment, the invention provides a kit for
generating a BFCN via the differentiation protocol of the
invention. The kit includes a culture media having an
inhibitor of TGF-3 signaling and an activator of Shh sig-
naling. In embodiments, the culture media 1s a modified
mTeSR1 formulation that lacks factors that support pluripo-
tency including bFGFE, TGF-3, lithhum chloride (Li1i—Cl),
GABA and pipecolic acid. In embodiments, the culture
media includes dual SMAD i1nhibitors, such as SB431542
and LDNI193189, along with one or more agonists of
smoothened protein, such as smoothened agonist (SAG) and
purmorphamine.

The kit may also include an additional neuronal basal
medium, such as Brainphys™ optionally supplemented with
one or more of B27 supplement, an inhibitor of ROCK, NGF
and BDNF.

The kit may also include reagents for detection and
1solation of CD271+ cells via FACS as well as detection of
expression of Tujl, MAP2, BF1, Nkx2.1 and p75.

The kit may optionally comprise instructions for use, one
Oor more containers, one or more antibodies, or any combi-
nation thereof. A label typically accompanies the kit, and
includes any writing or recorded material, which may be
clectronic or computer readable form (e.g., disk, optical disc,
memory chip, or tape) providing instructions or other infor-
mation for use of the kit contents.

The following example 1s provided to further illustrate the
advantages and features of the present invention, but 1t 1s not
intended to limit the scope of the invention. While this
example 1s typical of those that might be used, other
procedures, methodologies, or techniques known to those
skilled 1n the art may alternatively be used.

Example I

CRISPR/Cas9-Correctable Mutation-Related
Molecular and Physiological Phenotypes 1 1PSC-
Derived Alzheimer’s PSEN2V14 Mutation

Basal forebrain cholinergic neurons (BFCNs) are believed
to be one of the first cell types to be aflected 1n all forms of
AD, and theirr dysfunction 1s clinically correlated with
impaired short-term memory formation and retrieval. We
present an optimized in vitro protocol to generate human
BFCNs from 1PSCs, using cell lines from presenilin 2
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(PSEN2) mutation carriers and controls. As expected, cell
lines harboring the PSEN2"'*'Y mutation displayed an
increase in the Ap42/40 1in 1PSC-derived BFCNs. Neurons
derived from PSEN2Y'*" lines generated fewer maximum
number ol spikes in response to a square depolarizing
current injection. The height of the first action potential at
rheobase current injection was also significantly decreased
in PSEN2™'*" BFCNs. CRISPR/Cas9 correction of the
PSEN2 point mutation abolished the electrophysiological
deficit, restoring both the maximal number of spikes and
spike height to the levels recorded in controls. Increased
AR42/40 was also normalized following CRISPR/Cas-me-
diated correction of the PSEN2™'*" mutation. The genome
editing data confirms the robust consistency of mutation-
related changes in AP42/40 ratio while also showing a
PSENZ2-mutation-related alteration in electrophysiology.
The “amyloid hypothesis™ 1s one of the most popular
formulations for the pathogenesis of Alzheimer’s disease
(AD). Recent examples of clinicopathological and/or clini-
coradiological dissociation have led to the consideration of
alternative models 1n order to explain, respectively, why
neuropathological AD i1s not always associated with demen-
tia [24], and why about one-third of patients with clinical
AD have negative amyloid brain scans [40]. It has been
proposed that climical AD can be caused by one of several
“feed-forward™ scenarios linking amyloidosis, tauopathy,
neuroinflammation, and neurodegeneration [22]. Mutations
in the gene encoding presenilin 2 (PSEN2) are associated

with autosomal dominant early onset familial Alzheimer’s
disease (EOFAD). The linkage of a locus on human chro-

mosome 1g31-42 linked to EOFAD led to the identification
of the PSEN2""*'Y point mutation in the Volga German
kindreds 1n 1995 [43]. This mutation causes elevation 1n the
AR42-43/40 ratio, thereby promoting assembly of A3 oli-
gomers and fibrils [83].

In considering the progression ol AD, human basal fore-
brain cholinergic neurons (BFCNs) are one of the first cell
types whose dysfunction underlies the early loss of short-
term memory recall in all forms of AD. The “cholinergic
hypothesis of AD” was formulated 1n the mid-1970s [6, 20,
61], and the discoveries of reduced acetylcholine release
from neurons of the nucleus basalis of Meynert confirmed
the presence of a presynaptic cholinergic deficit in the basal
forebramn of AD patients [1, 71]. Based on those observa-
tions, acetylcholinesterase inhibitors were developed and
continue as the most widely used symptomatic treatments
for AD [21, 28, 33, 82]. Eventually, post-mortem brain
biochemical and volumetric studies at different stages of the
disease 1dentified several other regions of the brain that were
also aflected early in the course of AD [63]. These studies
have traditionally focused on the hippocampus and cortex,
but more recently, attention has begun shifting back to the
basal forebrain and adding other areas, such as the striatum
[27, 62]. The latest analyses suggest that cholinergic basal
forebrain volume measurement may be a better predictor of
the transition from MCI to AD than the previous standard,
hippocampal volume [10].

We previously reported the generation of 1PSC-derived
neurons irom banked fibroblasts from subjects harboring
PSEN14%*°* and PSEN1*'*** mutations [77]. In character-
1zing the gene expression profiles from these 1PSC-derived
neurons, we observed an unexpected association of elevated
expression of the mflammasome gene NLRP2 1n undifler-
entiated PSEN1 mutant 1PSCs and their and neuronally
differentiated progeny [77]. This led us to examine NLRP2
expression 1 our PSEN2 mutant lines and employ CRISPR/
Cas9 [13] to mvestigate 11 activation of the mflammasome
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was tightly linked to the pathogenic mutation 1n PSEN2.
While we did not find altered expression of NLRP2 1n
gene-corrected PSEN2 lines, we observed significant muta-
tion-related, editing-reversible differences in excitability of
BFCNs.

Materials and Methods

Generation and Maintenance of 1PSC Lines

7889(s)B, 050643 (Control), 948 (AD1), 949(1Control),
and 950 (AD2) 1PSC lines were obtained via the NYSCF
Repository following the guidelines from [60]. The deriva-
tion and characterization of Nkx2.1-GFP ESC line was
previously published [30]. ES and 1PS cell lines were
expanded and maintained 1n serum-free mTeSR1™ media
(Stem Cell Technologies). Cells were lifted using Strem-
Pro™ Accutase (ThermoFisher) and media was supple-
mented with 10 uM ROCK inhibitor (Y27632, Stemgent)
during cell passaging.

For all studies 1n this paper, cell lines underwent at least
3 independent differentiations from the 1PSC stage to the
mature neuron stage. Data were routinely compared across
these independently derived genotype-identical neurons (or
In some cases neuronal precursors), and 1f comparable
results were obtained across independently genotype-iden-
tical derived cells, they were considered to be qualified
representatives of their genotype and so were passed along,
for genotype-specific experimentation.

AP42 Oligomer Preparation
AP42 oligomers were prepared as previously reported
[23, 78]. Briefly, we dissolved 1 mg of AP42 (American
Peptide Company) i 1,1,1,3,3,3-hexatluoro-2-propanol
(HFIP) (Sigma). This preparation was aliquoted and dried
using a SpeedVac™ centrifuge. The pellet was then resus-
pended 1 DMSO to obtain a 5 mM solution which was
sonicated 1 a water bath for 10 min. From here aliquots
were stored at =20 C and used within 2 weeks by diluting
with 100 ul of PBS and leaving for 12 h at 4° C. in order for
oligomerization to proceed. This final solution was diluted
1:16 1 cell media for studies, allowing cells to be exposed
to 5 uM of APB42 oligomers. Control wells were diluted with
1:16 PBS. Cells were exposed to oligomers or PBS without

media change for a period of 3 days.

Cell Death Assays

Cells were assayed 1n a 96-well plate format. Oligomer or
vehicle solutions were added to media and allowed to
incubate for a period of 3 days. Media was then collected
and assayed using a lactate dehydrogenase toxicity assay
(Thermo Fisher Scientific). 50 ul of media and an equal
amount of reaction mix bufler were incubated for a period of
30 min. An additional set of wells per experiment were
treated with 2% Triton™ X-100 for a 5-min period 1n order
to lyse all cells, and media from these wells was also
collected and incubated as described. After incubation
absorbance was recorded at 490 nm and 680 nm, signal and
background absorbance, respectively. Signal values were
subtracted from background, and values were adapted to the
total LDH content as determined by Triton X-100 treated
wells. Propidium i1odide (Thermo Fisher Scientific) was
added to cell media for a 1 uM final concentration and
allowed to incubate for 5 min. Cells were then washed twice
with media and 1maged. Images were captured using
CELIGO™ 1mage cytometer and accompanying soltware
(Nexcelom Bioscience). Each biological variable was
assessed 1n technical triplicates within each designated
“Experiment”, and each designated “Experiment” was per-
formed 1n at least three complete “start to finish™ iterations.
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Differentiation of Basal Forebrain Cholinergic Neurons
from 1PS and ES Cells

Human ES or 1PSC were plated as single cells after
chemical dissociation using Accutase™ (Sigma-Aldrich)
into Cul-Trex™ (Trevigen) coated plates, at a density of
4-8x10° cells per well in 6-well plates or petri dishes and

adapting cell numbers. Cells were 1nmitially maintained 1n
mTeSR1™ media (Stem Cell Technologies) until reaching

full confluency. On *“day 0” of diflerentiation, media was
replaced by Custom mTeSR1™ media (Stem Cell Technolo-

gies) lacking factors promoting pluripotency i.e., bFGFE,
TGF-p, Li—Cl, GABA and pipecolic acid. The addition of

dual SMAD inhibitors (SB431342 10 uM plus LDN193189
250 nM, Selleckchem) at day O drives cells towards neu-
roectoderm specification. At day 2 of differentiation, media
was replaced by Custom mTeSR1 containing dual SMAD

inhibitors plus two ventralizing agents: SAG at 500 nM
(R&D) and Purmorphamine at 2 uM (Stemgent™). Cells
were fed every 2 days with this media until day 9, when

media was progressively switched to Brainphys™ media
(Stemcell Technologies) supplemented with B27 (Life Tech-
nologies) [3]. Neural progenitors were harvested at day 11
using Accutase, p/73+(CD271) NPCs were purified by FACS
and plated at a density of 80,000 cells per well 1mnto non-
adherent 96 well V-bottom plates in Brammphys™+B27
supplemented with 10 uM ROCK inhibitor (Y27632, Stem-
gent), Nerve Growth Factor, NGE, (Alamone labs, 50
ng/mlL) and Brain Dernived Neurotrophic Factor, BDNEFE,
(R&D, 50 ng/mL). Cells were allowed to aggregate and
form Neuronal Embryoid Bodies (NEBs) and were fed every
other day until day 19. At day 19 NEBs were dissociated
using Accutase (Sigma-Aldrich) and were plated as mono-
layer cultures on plates coated with branched polyethynil-
imine (0.1%, Sigma-Aldrich) and laminin (10 mg/mlL, Life
Technology) in Brainphys™ media+B27 supplement with
BDNF and NGF. The media was changed every 2 days until
analysis. As an alternative, 3D NEBs were dissected manu-
ally 1nto 3-4 pieces for expansion and further grown, or were
cryopreserved. Imitial versions of the protocol used Neu-
robasal™ as a base media instead of Braimnphys™.

Genomic DNA Isolation and Sequencing,

Genomic DNA was 1solated from PSEN2 mutant or
control 1PSC lines using High Pure™ PCR Template Prepa-
ration Kit (Roche) following manufacturer instructions.
Genomic samples were treated with RNAse (QIAGEN)
prior to amplification. A fragment from exon 5 of PSEN2

containing PSEN2V"*" mutation was amplified using the
following primers: Forward 5'-CATCAGCCC TTTGC-

CITCT-3' (SEQ ID NO: 3), Reverse: 3'-CT-
CACCTTGTAGCAGCGGTA-3' (SEQ ID NO: 4), generat-
ing a 173 bp fragment, regardless of the genotype. For
detection of ApoE allelic variants, a fragment of 244 bp was
amplified prior to sequencing using the primers: Forward:
SCFACAGAATTCGCCCCGGCCTGGTACAC-3" (SEQ ID
NO: 5), Reverse: 5S-TAAGCTTGGCACGGCTGTC-
CAAGGA-3' (SEQ ID NO: 6). Both PCR were performed
with the following settings: 10 min 94 C, 40 cycles (30 s 94
C,20s62C,10s72 C)7 min 72 C. PCR products were run
in a 2% agarose gel to check the size of the amplified
fragment. After amplification, samples were cleaned using
EXOSAP-It™ (Thermo Fisher Scientific) and then
sequenced using the following primers: PSEN2 (Forward:
SNTCAGCATCTACACGCCATTC-3' (SEQ ID NO: 7),
Reverse: 5'-AGCACCACCAAGAAGATGGT-3") (SEQ ID
NO: 8), from [33]; ApoE (Forward: 5'-ATTCGCC-
CCGGCCTGGTACACTGCCA-3'" (SEQ ID NO: 9),
Reverse: 3'-CTGTCCAAGGAGCTGCAGGCGGCGCAG-
3' (SEQ ID NO: 10)), from [36].
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CRISPR/Cas9 Gene Correction

1AD1 Control and 1AD2 Control lines were originated
from 948 (AD1) and 950 (AD2) 1PSC lines by CRISPR/
Cas9-mediated correction of the PSEN2V'*""7 heterozy-
gous point mutation to PSEN2”#"7% g1N1411 single guide

RNA (sgRNA) was cloned mto pSpCas9(BB)-2A-GFP
(PX458) vector, generating pSpCas9-glN1411-GFP vector
to direct gene editing to the sequence 1n exon 5 of PSEN2
where the Volga mutation 1s located. Single stranded oligo-
nucleotides (ssODN) are eflicient templates for the CRISPR/
Cas9 correction [13, 66]. ssODN#A-N1411 (sequence detail
below) was used as donor sequence for gene correction. We
designed asymmetric ssODN sequences with a long homol-
ogy arm of 91 bp, and a short homology arm of 36 bp since
asymmetrical ssODNs showed a higher efliciency of homol-
ogy-directed repair using CRISPR/Cas9 [68].

TABLE 1
SEQ
sequence 1D
Name Bages Sedguence NO

glN1411 25
guide
RNA F

/5Phos /CACCGCATCATGATCAGCGTCATCG 11

glN1411 25 /5Phog /AAACCGATGACGCTGATCATGATGC 12

guide

RNA R

Donor 127 GAGAGAAGCGTGGCTGGAGGGCAGGGC 13
oscsODNH#A CAGGGCCTCACCTTGTAGCAGCGGTACT

N1411 TGTAGAGCACCACCAAGAAGATGGETCA

TAACCACGATGACGCTGATCATGATGA
GGGTGTTCAGCACGGAGT

Underline = base of the gs0ODN that corrects the polnt mutation.

The donor sequence and pSpCas9-gIN1411-GFP vector
were transduced 1n the AD1 and AD2 1PSC lines, plated at
50-70% confluency, using Amaxa Human Stem Cell
Nucleofector™ kit (Lonza VPH-5002) and re-plated for

recovery. GFP™ cells were sorted in a BD FACSAria ITu Cell
Sorter™ and were seeded at 30-50 cells per well 1n 96-well
format to detect and pick single clones. Positive clones were
expanded, gDNA was extracted and analyzed for successiul
HDR was determined using a custom designed TagMan™
genotyping assay with a probe specific for the SNP (dbSNP
ID: r563750215) located in Chrl:227,073,304 A>T.
Selected clones were analyzed by Sanger sequencing to
confirm correction of Chrl:227,073,304 location and dis-
card possible insertions or deletions 1n the surrounding
areas.

Fluorescence-Activated Cell Sorting (FACS)

Neural progenitors at day 12 of differentiation were
dissociated with Accutase (Sigma-Aldrich) for 5 min at 37
C and 1nactivated 1n Neurobasal media. Cells were spun at
1000 rpm for 4 min and the pellets were resuspended 1n
FACS butler (DPBS, 0.5% BSA Fraction V-Solution, 100
U/mL Penicillin-Streptomycin, 0.5%. EDTA and 20 mM
Glucose) with PE Mouse anti-human CD271 antibody
(clone C40-1457, BD) at 1:100, also known as p75 or
NGFR, and incubated for 20 min at room temperature (RT)
in the dark. After the incubation time, cells were washed
with FACS butler and the pellet was resuspended 1n 2 mL of
FACS bufler with 10 uM ROCK inhibitor (Y27632, Stem-
gent), p75 positive cells were purified 1n a BD FACSAria Hu
Cell Sorter™ and data was analyzed using FlowJo™ soft-
ware.
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Real-Time Quantitative Polymerase Chain Reaction (R1-
qPCR)

Human 1PSC from PSEN2 mutants or control patients
were grown 1 a monolayer and lysed directly 1n the cell
culture wells with RLT bufler. Total RNA purification was
performed with the RNeasy™ Micro kit ((Qiagen), and was
carried out according to the manufacturer’s instructions.
cDNA was synthesized using SuperScript™ III Reverse
Transcriptase (RT) (Invitrogen, Carlsbad, Calif.). Semi-
quantitative real-time PCR was performed on StepOne-
Plus™ Real-Time PCR System (Applied Biosystems, Foster
City, Calif.) using the primers listed 1n Table 2 below. We
normalized expression levels to GAPDH. The PCR cycling
parameters were: 50° C. for 2 min, 95° C. for 10 min,
followed by 40 cycles o1 95° C. for 15 s and 60° C. for 1 min.
Each biological variable was assessed 1n technical triplicates
within each designated “Experiment”, and each designated
“Experiment” was performed 1n at least three complete
“start to finish” 1terations. Expression levels were normal-

ized to the control line, and results were expressed as
AVG=SEM.

TABLE 2
SEQ SEQ
Forward Primer ID Reverse Primer ID
Gene 51 -3 NO 5'-3 NO
BDNF TAACGGCGGCAGAC 14  GAAGTATTGCTTCAG 15
AAAAAGA TTGGCCT
BF1 AGAAGAACGGCAA 16  TGTTGAGGGACAGAT 17
GTACGAGA TGTGGC
Nkx2.1l TAACGGCGGCAGAC 18  GAAGTATTGCTTCAG 19
AAAAAGA TTGGCCT
NLRP2, From [77] 20 From [77] 21
ASBO
NLRP3  ACGAATCTCCGACC 22  CCATGGCCACAACAA 23
ACCACT CTGAC
Tujl GAAGTGTCCCAGGA 24  CTCTTGAGTAGCTGG 25
CATGATAA GATTGAG
AP Assays
Cells were conditioned for 3 days after day 8 of dual
SMAD inhibition to measure secretion of A3 by neural

progenitors in vitro. A3 levels were quantified using human/
rat 3 amyloid 40 ELISA Kit and 3 amyloid 42 ELISA Kit
high sensitive (Wako). Each biological variable was
assessed using technical triplicates within each designated
“Experiment”, and each designated “Experiment” was per-
formed 1n at least three complete “start to finish” iterations.

Immunostaining/1CC

Cells were fixed with PFA 4% directly on the wells of 12,
48 or 96 well plates for 20 min, washed 3 times with DPBS
1 x(ThermoFisher). For the staining, cells were incubated 1n
blocking solution (DPBS 1x with 0.1% Triton™ X-100 plus
5% Donkey serum) for two hours at room temperature. The
corresponding primary antibodies were diluted at suitable
concentration in blocking solution, and incubated overnight
at 4 C. The primary antibodies used are represented 1n the
table below. Cells were washed three times with DPBST
(DPBS 1x+0.1% Trton™ X-100) and suitable secondary
antibody was added in blocking solution for 1 h at room
temperature. Then cells were washed three times with
DPBST and incubated with DRAQS or Hoescht 33,342 (1
ug/mL, diluted 1n DPBS 1x) for 10 min at room temperature
for nuclear counterstain. Cells were visualized using an
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inverted fluorescence microscope (Olympus™ 1X71 micro-
scope) or a confocal microscope (Zeiss™ LSMS Pascal
microscope) under 10x, 20x or 63x magnification.

Western Blots

Human 1PSC from PSEN2 mutants or control patients
were grown in a monolayer and lysed directly in the cell
culture wells with RIPA bufler (Thermo Scientific) with
protease and phosphatase inhibitors. The protein concentra-
tion was measured using the BCA protein assay kit (Thermo
Scientific). After protein estimation, 20 ug of cell lysate
were separated by SDS-PAGE electrophoresis on a 4-12%
Bis-Tris gel (Bolt™ protein gels) and transterred onto
nitrocellulose membranes by electrophoresis blotting. The
membranes were blocked with blocking builer 1xTBST
(tris-buflered saline +0.1% Tween) plus 3% nonfat dry milk
for 1 h 1n agitation at room temperature and washed three
times with TBST. After washing, membranes were incu-
bated at 4° C. overnight in agitation, with the primary
antibodies against NLRP2 (1:1000), PSEN2 (1:200) or
3-actin (1:1000). After rinsing, the membranes were 1ncu-
bated with horseradish peroxidase (HRP)-conjugated suit-
able secondary antibodies for 1 h at room temperature.
Finally, protein bands were visualized with a chemilumi-
nescent reagent according to the manufacturer’s instruc-
tions. 3-actin was used as loading control.

Electrophysiology

Whole cell patch-clamp recordings were obtained from
single neurons between differentiation days 38 and 355. Cells
were seeded at low density onto plastic coverslips which
were placed 1n a perfusion based enclosed recording cham-
ber. Neurons were localized using differential interference
contrast optics under an Olympus BX61WI microscope
fitted with a Hamamatsu Orca™ R* CCD camera. Record-
ings were carried out at room temperature using Multi-
Clamp™ 700 B amplifier (Molecular Devices, Sunnyvale,
Calif., USA). Signals were sampled at 10 kHz and filtered at
6 kHz using a Digidata™ 1440 A analog to digital converter
(Molecular Devices). Amplifier control and data acquisition
was done using pClamp™ 10.0 software (Molecular
Devices).

During recordings neurons were perfused with oxygen-
ated Brainphys™ media (StemCell Technologies Inc).
Medium resistance recording pipettes (4-6 ME2) were filled

with an intracellular solution consisting of (in mM) 130
K-gluconate, 10 KC1, 2 Mg-ATP, 0.2 Na-GTP, 0.6 CaCl2, 2

MgCl2, 0.6 EGTA, and 5 HEPES fitrated to pH 7.1 and
osmolarity of 310 mOsm. In some experiments, the intrac-
cllular solution also contained 4 mg/mlL biocytin (Sigma-
Aldrich) for post-hoc identification of individual neurons,
which were visualized with streptavidin-conjugated Alexa
488 (Life Sciences) as described elsewhere [42]. After imtial
break-in, access resistance (Rs) was constantly monitored
and recordings were discarded i Rs exceeded 20 ML or
changed more than 30%. The voltage protocol for compound
Na+ and K+ currents characterization was as follows: cells
were held at —-80 mV potential followed by 3500 ms steps
from -100 mV to 30 mV with 10 mV increment at a
frequency of 0.1 Hz. Following transition to current-clamp
mode, resting membrane potential was recorded and cells
were hyperpolarized by a negative DC current injection to
—70 mV to ensure consistency of excitability measurements.
Action potentials were evoked with square 1 s current steps
from —-10 pA to 40 pA with 1 pA steps.
Electrophysiological recordings were analyzed using
ClampFit™ software (Molecular Devices, Sunnyvale,
Calif., USA) and statistical significance of the results was
measured using ANOVA test with Tukey’s post-hoc com-
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parison of means. Salts and other reagents were purchased
from Sigma-Aldrich (St. Louis, Mo., USA).

Statistical Analysis

qPCR gene expression experiments and AR42/40 ELISAs
were analyzed for statistical significance using Student
t-test. LDH Release assays were analyzed by 2-Way
ANOVA Bonferroni post hoc tests. ANOVA test with
Tukey’s post hoc comparisons were used for analysis of
clectrophysiology results. The experiments needed to study
cach of the 94 neurons recorded for electrophysiology
analyses required days to weeks. On each experimental day,
representatives from each genotype were included, with at
least three samples from each genotype studied on each
day. *, p<t0.05; **, p<0.01; *** p<0.001.

Results

Optimization of Protocol for BFCN Diflerentiation

The scheme of BFCN diflerentiation 1s described in FIG.
1A. 1PSCs from control subjects or AD patients were plated
11 feeder-free conditions and allowed to reach 100% con-
fluency prior to differentiation using mTeSR1 basal media.
Both branches of TGF-f3 signaling were inhibited (dual
SMAD inhibition) to induce neuroectodermal fate on “day
07 [12]. Differentiations (day 2-10) were performed using a
modified mTeSR1 formulation, lacking factors that support
pluripotency (bFGF, TGF-p, Li—Cl, GABA and pipecolic
acid). To specily these cells to basal forebrain cholinergic

neurons, ventralization for medial ganglionic eminences
(MGE) induction 1s required [19, 85, 91]. As such cells were

treated with the Sonic Hedgehog (Shh) analog (SAG) at 500
nM and Purmorphamine at 2 uM from days 2 to 8. SAG 1s
a suitable substitute to activate Shh signaling, as demon-
strated during differentiation of ChAT™ motor neurons and
glutamatergic interneurons [91], with lower cost than
recombinant Shh and some advantages in neuronal survival
properties over Shh itselt [7, 35]. We used the Nkx2.1-GFP
embryonic stem cell (ESC) reporter line as a tool to adjust
the combination, dosage and timing of ventralizing agents
more beneficial for specification of BFCNs from induced
Nkx2.1 basal forebrain precursors.

However, given the potential of Nkx2.1 intermediate
neural precursors to generate multiple neuronal subtypes,
such as TH+ and GABA+ hypothalamic neurons, we ana-
lyzed the expression of the downstream cholinergic speci-
fication factor Lhx8 over expression of the GABAergic
interneuron specific transcription factor Lhx6 [26] under
different specification conditions (FIG. 15). These data agree
with those from [50] supporting the existence of a syner-
gistic eflect of SAG and purmorphamine on Nkx2.1 induc-
tion although an effect that 1s less than the effect of Shh plus
purmorphamine (FIG. 1B). Nkx2.1-driven GFP levels were
maintained after Day 14, even after withdrawal of SAG+
purmorphamine at day 8 (FIG. 1B). We observed higher
Lhx8 induction upon SAG plus purmorphamine treatment
than SAG alone, or even Shh plus purmorphamine (FIG.
1B). Interestingly, intermediate Nkx2.1 levels driven by
SAG plus purmorphamine correlate with higher induction of
Lhx8 and BF1 gene expression (FIG. 1B). Our choice of
starting SHH pathway-driven ventralization at day 2 was
based on reports demonstrating other MGE-derived popu-
lations being generated by earlier (e.g., hypothalamic neu-
rons) or later (e.g., GABAergic interneurons.) ventralization
in the context of dual smad i1nhibition protocols.

Following the patterning stage, we gradually switched
from Custom mTESR1™ media to Brainphys™ media with
B27 supplement to support neuronal survival and growth
[3]. At day 11, we observed neural rosettes positive for
Nestin and Sox2 markers (FIG. 1C); also, we observed
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Tul+ neurites as early as day 11 (FIG. 1C). To obtain
cholinergic populations of a higher purity, we developed a
P75+ FACS strategy to 1solate progenitors specific for
cholinergic neurons due to the fact that BFCNs are the only
CNS neuron type to express robust levels of P75 under 5
non-pathogenic conditions in the adult brain). Support for
this strategy includes a previously published protocol using,
FACS to 1solate high expressing P75+ cells from the embry-
onic murine septum [65]. This population correlated with
best expression of cholinergic-related markers. 10

At day 11/12, we lifted the cells using chemical disso-
ciation (Accutase) and punfied day 11-12 p75+(CD271)
neural progenitors and generated 3D neuronal embryoid
bodies (NEBs) by spinning down neural progenitors in
V-bottom 96 well plates. On day 19 NEBs were dissociated 15
and re-plated as a monolayer on plates coated with branched
polyethylenimine (Aldrich catalog number 408727) and
laminin. Monolayer cultures were maintained with the addi-
tion of growth factors BDNF, NGF and DAPT until day 26,
when cultures no longer had DAPT added. Immunostaiming 20
of both cryosections of NEB structures and fixed monolay-
ers, resulting from chemical dissociation of NEBs from
several control 1PSC and H9 hESC lines, demonstrated
expression of BFCN lineage markers Tujl, MAP2, BF1,
Nkx2.1 and p75, at final stages of the differentiation protocol 25
(FIG. 1D). NGF addition to neuronal cultures showed an
advantageous eflect on maturation, neurite outgrowth and
presence ol ChAT (FIG. 1E).

Generation and QC of PSEN2V"*" iPSC Lines

PSEN2Y'* mutant iPSC and control lines were gener- 30
ated from fresh skin biopsies. Established fibroblast lines
were grown from skin punches donated by a kindred of 2
carriers for presenilin 2 Volga familial AD mutation
(PSEN2""*y and one non-affected member. Additionally,
we included a non-family related control. Fibroblasts were 35
reprogrammed using modified RNA method to introduce the
Yamanaka factors (Oct4, KLLF4, SOX2 and ¢c-Myc), and the
1PSC lines obtained were subject to several quality control
processes to ensure robust cell-renewal and pluripotency,
including alkaline-phosphatase (AP) enzymatic activity, 40
gene expression analysis and immunostaining for pluripo-
tency markers, as well as karyotyping for detection of
chromosome abnormalities, following the automated 1PSC
reprogramming and QC methods developed by [60]. A
summary ol the genotypes, sex and age of the subjects 45
included 1n the study 1s shown in FIG. 2a4. The two
PSEN2V!'*{PSC lines were also heterozygous for APOE ¢4
(e3/e4), whereas the control 1IPSC lines were homozygous
£3/€3. The characterization of the 1PSC lines, expression of
pluripotency markers and quality control results are shown 50
in FIG. 10. Brefly, all 1PSC clones selected demonstrated
pluripotency by embryoid body formation and differentia-
tion mnto the three germ layers (FIG. 10A), icorporated
herein by reference). Finally, the lines were fingerprinted
(Cell Line Genetics) to ensure they matched the parental 55
fibroblast lines (data not shown). All the parental fibroblast
lines and the 1PSC lines were subject to Sanger sequencing
to determine PSEN2 and APOE genotypes. A 173 bp Irag-
ment from the exon 5 of PSEN2, surrounding the area where
the PSEN2V'*" point mutation is located (Chrl:227,073, 60
304 A>T), was amplified by PCR and sequenced using the

primers published 1n [53]; similarly a fragment of 244 bp
from APOE locus that contains two SNPs which determine
the three allelic variants was amplified by PCR from
genomic DNA, and subsequently sequenced to distinguish 65
between €2/e3/e4 vanants, using the primers from [36].
Sample chromatograms showing the presence of
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PSEN2N1411 point mutation are shown 1n FIG. 2B, and all
genotypes are summarized in FIG. 2A.

Characterization of PSEN2"'*" Neural Progenitors

To study the effect of the PSEN2Y"*"Y mutation in early
stages of the differentiation of cholinergic neurons, we
analyzed the neural progenitors (NPCs) obtaimned at DIV
11-16 along the BFCN differentiation protocol. The analysis
of this intermediate immature population allows us to detect
possible early alterations in the generation of BFCNs that
would otherwise not be detected 1n terminally differentiated
cholinergic neurons. Such defects could potentially play
roles 1n mature neurons and contribute to the pathophysiol-
ogy of AD. We analyzed the expression of early neuronal
markers in PSEN2V'* mutant and control NPCs by gene
expression and immunofluorescence methods. Although, we
found a lower RNA expression of Tujl (BIII-Tubulin), a
general neuronal marker, in mutant NPCs at day 11 of
differentiation, we did not detected quantifiable differences
by immunocytochemistry circa days 16-21, (FIGS. 2C and
D). NPC monolayer cultures at day 11 were also immunos-
tained for typical NPC markers: Sox2, and Pax6; with Pax6
levels dropping as expected along with Nkx2.1 induction
(not shown). We observed comparable expression of Sox2
and Nestin in PSEN2Y'*" cultures at day 11 (FIG. 2C, top
panel). At day 21, mutant NPCs expressed comparable
levels of Nkx2.1 (MGE marker), but reduced levels of BF1
(forebrain marker) by qPCR; however, BF1 protein expres-
sion did not seem aflected by immunostaining at this dif-
terentiation stage (FI1G. 2C bottom panel, and D). We did not
observe diflerences in the surface expression of NGFR
(p75/CD271) in DIV11-12 PSEN2V'*" cells, in terms of
percentage of positive cells or fluorescence mean peak value
(FIG. 2E).

As previously published by [39, 73], the expression of
mutant PSEN2Y'*!Y causes an increase in the A42/40 ratio
in the brains of transgenic mice; additionally, this enhanced
AP42 production was observed 1n neural cell lines upon
induced overexpression of mutant PSEN2""*" protein [83]
and in iPSC derived from PSEN2"'*" mutant patients [93].
Consistently, we observed a 2-fold increase 1n the Ap42/40
ratio, a 50% increase 1n the amount of secreted AP40 and
2.5-fold increase 1n AP42 species 1n the conditioned media
from PSEN2NI141' neural progemtors at DIV 11
(***p<0.001) (FIG. 2¢). The levels of secreted Ap40 and 42
observed 1n our study and the levels found 1n [93], using a
different neuronal differentiation method applied to FAD1/
PS2 1PSC lines derived from fibroblasts from the Coriell
repository are very similar in both absolute number and in
told-increase.

Characterization of Mature BFCNs from PSEN2V'*Y
1IPSC Lines and Controls

With the aim of determining the impact of PSEN2Y!4!
mutation on the differentiation, gene expression, function,
and communication ol BFCNs, we characterized cells at
later time points for appropriate expression markers; our
goal was to explore whether PSEN2V'* iPSC were able to
complete BFCN maturation process and 11 so, 11 any abnor-
malities along later stages of BFCN diflerentiation may
account for the pathophysiology of EOFAD (FIG. 3). In
addition to p75, which preferentially binds pro-NGF, we
analyzed the expression of TrkA, the primary mature NGF
receptor, was also expressed in PSEN2"'*"Y BFCNs and
control (FIG. 3a). This suggested that PSEN2"V'*!Y BFCNs
are susceptible to receiving and benefiting from NGF pro-
survival and differentiation signals as expected and further
confirms their proper identity. We observed comparable
expression of additional cholinergic neuron specific markers
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choline acetyltransierase (ChAT) and vesicular acetylcho-
line transporter (VAChT) in PSEN2Y'*Y BFCNs and con-
trols (FIG. 3b). Other general neuronal markers such as
Tu1, and the mature marker microtubule-associated protein
2 (MAP2) showed no apparent diflerences by immunofluo-

rescence (FI1G. 3b).

CRISPR/Cas9-Mediated Correction of PSEN2V'4Y
Mutation and Elffect on A3 42/40 Ratio

To determine if the molecular alterations 1n the processing,
and cleavage of APP and/or the exacerbated activation of
NLRP2 inflammasome, as previously observed in PSENI
mutants [77], can be attributed to PSEN2V'*" mutation only,
we modified the PSEN2 locus 1n our 1PSC lines employing
CRISPR/Cas9 technology. We did this by correcting the
PSEN2Y'"* point mutation in the two PSEN2 mutant iPSC
lines (AD1, AD2). For this purpose, a specific guide RNA
(g1N1411) was designed using an online tool (tools.genome-
engineering.org) to direct Cas9 to the region of PSEN2 exon

5 surrounding PSEN2V"*Y mutation (23 bp upstream of
Chrl:227,073,304 A>T). gIN1411 was cloned into pSpCas9

(BB)-2A-GFP (PX438) vector. Expression was assessed by
GFP fluorescence upon transtection of pSpCas9-gl1N1411-
GFP 1n HEK293T (FIG. 4a).

In order to correct the mutation, we designed an asym-
metric ssODN HDR (homology directed repair) template,
ssODN#A-N1411, with a long homology arm of 91 bp, and
a short homology arm of 36 bp since asymmetrical donor
sequences with a shorter arm oriented to the area closer to
the PAM side demonstrated a superior efliciency of homol-
ogy-directed repair using CRISPR/Cas9 system [13]. We
then proceeded to trans-duce pSpCas9-gIN1411-GFP and
ssODN #A-N1411 into the 1PSC lines using Amaxa™
nucleofection (FIG. 4a). Forty-eight hours post-nucleofec-
tion cells were dissociated and the GFP™ population was
purified by FACS and replated at low density feeder free for
1solation of single gene-corrected clones (FIG. 4b). Subse-
quently, clones were grown and gDNA extracted post expan-
sion. The screening of positive clones that demonstrated
successtul HDR was determined by qPCR using a custom
designed TagMan™ genotyping assay with a probe specific

for the SNP (dbSNP ID: rs63750215) located in Chrl:227,
073,304 A>T. We were able to distinguish by this method
between  homozygous  PSEN2V#Y  heterozygous
PSEN2Y'"*" and PSEN2"“ single clones derived from the
original 1IPSC lines, and pre-selected clones were subjected
to Sanger sequencing to confirm Chr1:227,073,304 location
and detect possible insertions, deletions or mismatches
introduced by CRISPR/Cas9 modification 1n the surround-
ing area and corroborate successtul HDR (FIG. 4c¢).
Successiully corrected clones were expanded and sub-
jected to the BFCN differentiation protocol 1n parallel to the
other 4 lines used 1n the study. We collected media from
BFCNs (DIV 34) and re-tested for amyloid beta production.
In support of our previous finding in NPCs at DIV11-12
(FIG. 20, we observed that mature BFCNs also display
significant increases 1n AB42/40 ratio (FIG. 4d) and overall
A3 production (FIG. 11). Importantly, these results also
showed a normalization of AP342/40 ratio to control levels 1n
corrected lines (1AD1 Control and 1AD2 Control, are cor-
rected clones of AD1 and AD2, respectively) (FIG. 4d).

These results also strengthen previous findings linking the
PSEN2Y'*" mutation to abnormal APP processing and rein-
forcing that presenilins contains the catalytic site of
y-secretase |90].
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Assessment of Sensitivity to ApB42 Oligomer Toxicity 1n
iPSC-Derived PSEN2"'*Y Neurons

Previous reports have shown that iPSC lines carrying
FAD mutations may display an enhanced susceptibility to
noxious stimuli, such as high concentrations of AP42 oli-
gomers [2]. We therefore tested whether our BFCNs from
PSEN2Y'*Y mutants would display enhanced toxicity to
AP42 oligomers in the media (FIG. 5). We assessed neuro-
toxicity by measuring the percentage of lactate dehydroge-
nase (LDH) released by dead cells, thus providing an
indirect measurement for toxicity. Using this methodology
by 2-way ANOVA we detected a significant eflect in toxicity
driven by 5 uM Ap42 oligomer addition to the culture
media, after 72-h exposure (***, p<0.01). Post hoc Bonfer-
roni analysis revealed significant diflerences between the
AD?2 line and 1ts corrected 1sogenic control (1AD2 Control).
However, this apparent enhanced sensitivity to Ap42 oli-
gomer toxicity was not observed in the ADI1 line and 1ts
corresponding control. These results indicate that difler-
ences 1n susceptibility to Ap42 are not exclusively linked to
mutant PSEN2 genotype, and that likely additional genetic
factors different between ADI1 and AD2 subjects aflect
susceptibility to this stress, further emphasizing the impor-
tance of multiple 1sogenic models.

Assessment of NLRP2 mRNA
PSEN2"'* Neurons

We previously reported that NLRP2 mRNA was elevated
in PSEN1 mutant 1PSC and NPCs, [77] which was also the
case for PSEN1 mutant cortical neurons (unpublished obser-
vation). Therefore, we wanted to analyze the status of the
components of the inflammasome in the context of
PSEN2Y'"*" mutation. When we assayed by gPCR the
mRNA levels of NLRP2 in NPCs at DIV12, we observed an
increase over 100-fold 1n AD1 and AD2 lines, as compared
to control lines (FIG. 6a). This correlated with a notable
increase 1n NLRP2 protein, as observed by SDS-PAGE 1n
whole cell lysates from day 11 PSEN2 mutants (FIG. 6d).
Noticeably, however we did not detect bands for NLRP2 by
immunoblot in the AD2 line lysates. Further, we were unable
to corroborate some other transcriptional events previously
seen 1n PSEN1 mutant 1PS neural precursors, such as the
clevated ASB9 that encodes an E3 ligase that directs mito-
chondrial creatine kinase for degradation. Instead, we
observed a trend toward decreased levels in PSEN2 muta-
tion carriers by 20-30%.

Assessment of Excitability of iPSC-Derived PSEN2Y!4H
BFCNs

Using BFCN differentiation protocol, we were able to
generate electrophysiologically active cholinergic neurons
in a dish from two PSEN2V"*" mutant AD patients, wild-
type and familial controls starting from differentiation day
35. We were 1mitially unable to obtain mature action poten-
tial wavetorms from BFCNs grown 1n neurobasal media at
this stage, but switching to Brainphys™ media significantly
improved electrophysiological properties of cultured neu-
rons [3]. These findings are in line with electrophysiological
characterization of other 1PSC generated neurons used to
compare both media [3]. The benefits of the protocol con-
taining Bramphys™ media i two additional cell lines
(including the H9 embryonic stem cell line) with compa-
rable endpoint expression of ChAT and VAChT as well as
clectrophysiological responses were repeated. In order to
investigate the electrophysiological properties of BFCN, we
recorded from a total o1 94 neurons (22 wild-type control, 21
familial control, 18 ADI1, 28 AD2 and 5 1ADI1_control)
using whole cell patch-clamp method. In all experimental
groups, recorded neurons displayed voltage-activated cur-

in  1PSC-Derived
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rents through sodium and potassium 1on channels, ability to
generate action potentials and displayed classical neuronal
morphologies (FIG. 7). In subset of experiments, recorded
neurons were labeled with biocytin through a patch pipette,
which allowed for post hoc cell identification and ICH

characterization. We found that all biocytin-labelled cells
were also immuno-positive for ChAT and VAChT (n=12,

FIG. 8a).

Significant differences between the groups in terms of
neuronal membrane resistance and capacitance were not
observed, membrane resting potential and the minimum
current required for generation of a single action potential
(FIG. 9). However, 1t was observed that there were signifi-
cant mutation-related, editing-reversible diflerences 1n
excitability of BFCNe.

Neurons derived from AD1 and AD2 lines (as compared
to WT and familial controls) were able to generate fewer
maximum number of spikes 1n response to a square depo-
larizing current injection (ANOVA test with Tukey’s post
hoc comparisons, FIG. 85, ¢). Height of the first action
potential at rheobase current injection was also significantly
decreased in AD1 and AD2 BFCNs (FIG. 1¢). Importantly,
CRISPR/Cas9 correction of the PSEN2 point mutation in the
AD1 mutant 1PSC line abolished the observed electro-
physiological deficit, restoring both the maximal number of
spikes and spike height to the levels recorded in wild-type
and familial controls (ANOVA test with Tukey’s post hoc
comparisons, FIG. 8).

Discussion

There are 5 million people currently affected by Alzheim-
er’s disease in the US and, according to the Alzheimer’s
Association, this number will increase to 16 million by the
year 2050. Unfortunately, we only have direct evidence for
genetic causation that accounts for 3-5% of these patients.
This percentage encompasses the EOFAD variants, caused
by inherited fully penetrant autosomal dominant mutations
in the amyloid protein precursor (APP), or PSEN1, PSEN2
that constitute the v-secretase apparatus [87], and changes 1n
their function increases the production of Ap42 oligomers
and/or deposition of amyloid plaques.

After decades studying murine models of AD that do not
tully recapitulate the pathophysiology of this disease in the
human brain [5, 57, 38], a complementary new concept of
AD modeling 1n vitro has emerged upon the breakthrough by
[81] allowing adult human tissue reprogramming into 1PSC
using defined factors, and their subsequent in vitro differ-
entiation 1nto specific brain cell types.

BFCNs are one of the most vulnerable neuronal popula-
tions whose deterioration explains, 1 part, the cognitive
decline in AD patients. Apart from the evidence for BFCN
tailure and atrophy, other studies have revealed that human
embryonic stem cell-dertved BFCNs transplanted into AD
mouse models can be associated with improvement 1n the
learning behavior of the implanted mouse [94]. These find-
ings highlight the relevance of 1PSC- and ESC-derived
BFCNs as not only early clinical indicators but also as a
potential strategy for subtype-specific cell-based therapy for
AD [39]. In order to move this cell-based therapeutic
strategy forward, there has been an urgent need for a refined
differentiation protocol to generate human ESC- and/or
1PSC-derived BFCNes.

Our first goal was to develop an improved protocol for the
generation of BFCNs and intermediate neural progenitors

(NPCs), tollowed by the use of these methods when differ-

entiating cell lines from both control subjects and those
harboring the PSEN2V'*!Y mutation. Using fibroblasts iso-
lated from 3 sisters, 2 carrying the PSEN2 mutation and
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displaying cognitive decline, with the third wild-type for the
mutation, 1IPSCs were developed [60]. In order to approach
the dissection of the fidelity of linkage of various pheno-
types to the pathogenic mutation, we began by optimizing
published BFCNs protocols [4, 17, 46, 50, 89] including the
purification of an intermediate CD271% (p75) forebrain
progenitor population by Fluorescence Activated Cell Sort-
ing (FACS) to generate 3D ventralized neural embryoid
bodies (VNEBs), which can be later dissociated to look at
neuronal populations 1n a monolayer.

After induction of BFCN differentiation in these cell lines,
we have analyzed: (1) capacity to generate Tujl*/BF17%/
ChAT™ neurons in vitro; (2) expression of genes/proteins of
interest related to neuronal differentiation or inflammation;
(3) generation of soluble and oligomeric AR40 and 42; (4)
clectrophysiological (ePhys) properties; and (5) selective
vulnerability of BFCNs to one or more mnate or microen-
vironmental factors within or 1n close approximation to
those cells.

Several studies in AD mouse models highlight electro-
physiological defects associated to late stages of AD pathol-
ogy. Synaptic function 1n the hippocampus was reduced 1n
APP23 mouse models [70]. Sitmilarly, cholinergic neurons
from the prefrontal cortex of TgCRINDS mice are unable to
sustain cholinergic excitation as compared to control mice
|64]. Here we report deficient electrophysiological proper-
ties in PSEN2V"*" {iPSC-derived BFCNs in vitro. Notably,
correction of this point mutation re-established neuronal
excitability to the level of the control iIPSC-denived neurons.

We have optimized an 1 vitro BFCN diflerentiation
protocol from human 1PSC, focusing on generating a homo-
geneous population of electrophysiologically active ChAT+/
VAChT+ neurons 1 a reproducible and fast way. The
innovations introduced to the protocol granted a homoge-
neous expression of Nkx2.1, a transcriptional marker for
MGE subregions, as soon as day 8 and very robust by day
11, compared to day 20 suggested 1n previously published
protocols [38]; in defined serum-iree media conditions and
without forcing overexpression of factors implicated in
cholinergic fate. We were able to record mature action
potentials 1n neurons from day 38 1n culture, accompanying
co-expression of cholinergic specific markers, which 1s an
carlier time point as compared to other existing protocols
using ES or 1PSC [4, 17, 46, 50, 89]. Therelore, our protocol
has potential application to high-throughput drug screening
in homogeneous cholinergic cultures. In addition, the 3D
structure of NEBs themselves 11 left undisassociated organ-
o1d form would also allow mechanistic analysis 1n a more
physiological setting.

After applying this optimized protocol to PSEN2V'*
mutant 1PSC lines, we found an increase 1n A342/40 ratio in
the conditioned media. We did not observe any evident
defects in the neuronal differentiation process and expres-
sion of BFCN markers. Interestingly, we observed a
decrease on BDNF gene expression in PSEN2V'*" NPCs,
similar to results described 1n a report [18] wherein BDNF
changes were observed in homozygous and heterozygous
APP™'PSEN1M'*°" mice. The two mutant lines are also
carriers of one APOFE €4 allele. The presence of this allelic
variant, the most common and well characterized risk factor
polymorphism for LOAD [16], may modulate the age of

onset and severity of the phenotype [49]. Therefore, these
1PSC lines combining both the EOFAD PSEN2 Volga muta-

tion (or CRISPR/Cas9 corrected) and APOE E4 allele con-
stitute a tremendously useful tool to study the pathophysi-
ology of early onset AD 1n vitro, especially when apoE-
secreting 1PSC-derived astrocytes are also present.
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Searching for adjacent mechanisms or events that may be
a cause or a consequence of elevated 3-amyloid production,
researchers have found overactivated inflammation and
clectrophysiological defects associated with AD mutations.
The concept of these defects being independent from -amy-
loid deposition and their demonstration using CRISPR/Cas9
technology to correct EOFAD mutations would open the
debate to the need of combined AD treatments not only
targeting 3-amyloid plaques (Gandy et al., 1n press), but also
to overcome parallel mflammatory processes or excitotox-
icity/defective neuronal firing.

NLRPs are components of the inflammasome, which
induces the secretion of mature pro-inflammatory cytokine
IL-13 in response to pathogens and toxic stimuli [11, 41].
NLRP2 appears dysregulated in astrocytes [45, 51], and
NLRP3 1n microglhia [34] 1in the context of Alzheimer’s
disease as well as 1n other neurological diseases like Par-

kinson’s disease [14, 32]; additionally, NLRP2/3 are altered

in pathologies that show comorbidity with AD: obesity,
type-2 diabetes. We previously reported an unexpected
association of elevated expression of the mflammasome
gene NLRP2 1 1PSC-derived neurons from banked fibro-
blasts from subjects harboring PSEN1“°*** and
PSEN1#'#°* mutations [77]. This association reminded us
of the association of the inflammatory skin disease acne
inversa (Al) with mutations 1n presenilin 1, nicastrin, APH-1
and PEN-2, raising in our minds the question of whether
some y-secretase component mutations might be associated
not only with proamyloidogenic actions but also with proin-
flammatory mechanisms.

Despite our observations PSEN2"'*" mutant cells had
clevated NLRP2 compared to controls, we were not able to
attribute this upregulation to the familial PSEN2 mutation,
as gene correction did not significantly reduce NLRP2
levels. Our results suggest that, although inflammasome
dysregulation may occur in the brains of EOFAD patients,
there may be factors triggering this event apart from any
ellect of PSENs on inflammasome biology that are retlected
in reprogrammed PSEN2 mutant cell lines. Some potential
explanations for this PSEN2-independent NLRP2 upregu-
lation include eflfects of the apoE4 allele present in both
PSEN2 subjects (not preset in controls) or epigenetic efiects
on fibroblasts collected from the EOFAD subjects that are
maintained through the reprogramming process.

Electrophysiological defects 1n neurons have been asso-
ciated with PSEN1 and PSEN2 mutations. Some of these
defects are attributed to altered function of voltage-gated K+
channels, potentially through the cleavage of channel com-
ponents mediated by the PS/y-secretase apparatus [44, 72].
Presenilin mutations also disrupt calcium signaling by
increasing the levels of calcium stored 1n the endoplasmic
reticulum that result 1n 1increased stimulus-induced released
into the cytosol, rather than altered mflux of calcium. One of
the mechamisms behind neuronal calctum dysregulation was
described in cortical neurons from PSEN1*'*°" mice, medi-
ated by 1nositol triphosphate (IP3) [79]; and, more directly,
the formation of dual function protein-ion channels by
unprocessed PSEN1 and PSEN2 themselves, modulating the
exit of calcium from the endoplasmic reticulum [29, 55, 80,
84]. Given the important role of presenilins on potassium
and calctum flux and neuronal excitability, mutations 1n
PSEN1 and PSEN2 may lead to reduced neuronal excitabil-
ity and neurotoxicity. Mice carrying mutant forms of APP
exhibited aberrant action potentials associated to a decrease
in sodium currents with no alteration in potassium currents,
only after plaque burden was considerable [9]. There 1is
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evidence that APP overexpression causes hyperexcitability
1n mouse cortical neurons [75, 86, 92].

Mucke and Selkoe [52] have highlighted a toxic effect of

A3 resulting 1n synaptic and network dysiunction. In fibro-
blasts and neural cell lines, A3-mediated accumulation of
mitochondrial Ca®* was elevated when mutant forms of PS1
were expressed [31]. Neuronal firing patterns 1 mouse
hippocampal neurons were altered by exposure to A3 [67,
69]. A3 exposure was also associated with altered K™
channel conductance 1 pyramidal neurons [34]. PSENI
mutations have been observed to associate with altered Ca**
mitochondrial channels 1n the cerebellum, apparently caus-
ing reduced spike activity 1in Purkinje cells 1n the absence of
amyloid plaque deposition [74]. AP42 may accentuate the
defects present in Ca®* homeostasis by modulation of addi-
tional voltage-dependent 1on channels [8, 25, 76, 88].

Apart from mouse data and immortalized neuronal cell
lines, electrophysiological defects in 1PSC-derived neurons
upon exposure to A3 have been shown: hiPSC-derived
cortical pyramidal neurons and GABAergic interneurons
have deficient action potentials upon exposure to A3 [56],
and neurons differentiated from hiPSC harboring PS14%2%*
mutation also showed deficient firing patterns [47]. How-
ever, there are no previously published data on character-
1zation of electrophysiological properties of PSEN2 mutant
1IPSC-derived BFCNs.

Hyper- or hypoexcitatory eflects and differences 1n firing,
frequency vary with the gene mutation and are highly
dependent on the neuronal subtype [37, 48]. All these events
may contribute to the progressive neurodegeneration present
in the pathogenesis of AD, and we specifically document
events that may account for the neuronal defects associated
to early stages of EOFAD human pathogenesis. Here we
report defective electrophysiological properties 1 1PSC-
derived BFCNs that are specifically associated with the
PSEN2N1411 familial mutation. Interestingly, although
some ol the previous studies attribute this 1impairment 1n
neuronal activity to the build-up of plaques in the brain of
AD mice, we found a substantial impairment in the mnduced
action potentials in the absence of amyloid plaques, solely 1n
the presence of a discrete excess of AP42 oligomers 1n the
culture media, consistent with other reports [18]. Correction
of this point mutation re-established the firing patterns to
those of the wildtype 1PSC-derived neurons.

Modulators of potasstum channels 1n neurons have proven
cllicacy 1n memory improvement in AD mouse models [44].
Modulation of Ca®* channels and excitotoxicity may open a
new wave of AD drugs. Understanding the mechanism
through which PSEN2 mutations aflect the electrophysi-
ological activity 1n diflerent subsets of neuronal populations
and unraveling the connection between PSEN2, other
genetic modulatory factors and inflammation will poten-
tially lead to, not only alternative symptomatic treatments,
but also to novel drugs decreasing the Ca®*-mediated vul-
nerability to ROS and potentially stopping the neuronal loss
and progression of the disease, 1 administered at early
stages.

It 1s clear that mutant presenmilins alter neuronal excitabil-
ity even before the formation of A3 plaques [18, 74]. One
plausible hypothesis 1s that APP and presenilins may exert
cllects that modulate neuronal excitability through currently
unrecognized mechanisms acting separate from their roles in
the biogenesis of A3. Accumulation of A3 could synergize
with the altered electrophysiological mechanisms in a path-
way leading to AD. With the wealth of data supporting
neuronal excitotoxicity as a key mechanism implicated in
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AD, further studies focusing on clarifying the possible
role(s) of PSENs and/or A3 in physiological or pathological
events are warranted.

CONCLUSIONS

We have optimized an 1n vitro protocol to generate human
BFCNs from 1PSCs from presenilin 2 (PSEN2) mutation
carriers and controls. As expected, PSEN2V"*! was associ-
ated with an increase in the AP42/40 in 1PSC-derived
BFCNs, and this was reversed by CRISPR/Cas9-mediated
gene editing. Unexpectedly, 1IPSC-derived BFCNs or corti-
cal neurons from PSEN2"'*' carriers showed diminished
basal excitability as quantified by a reduction of both spike
frequency and spike amplitude. This electrophysiological
phenotype was also abolished following CRISPR/Cas9 cor-
rection of the PSEN2V'*'Y mutation. The gene editing data
confirm that there was a robust consistency of mutation-
related changes that characterized all the expected findings
and genotypes from all cells.
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chromosome 1, GRCh28.pl2 Primary Assembly

<400> SEQUENCE: 1

ggggcctggg ccggcgecgyg gtcecggecgyg goegcetcagee agetgegtaa actceccecgetgg 60
agcgceggcegg cagagcaggt gagcgggcedg tgcecgggggg tgcccaggcece agggcecctgt 120
cgectgogge getgagggece cggggtgggg ctgcgecctg agggcecctge cctgecectec 180
gcacgcctcet ggccacggtce cctteocececgg ctgtgggtcet gocggeccctyg cgtgegcagc 240
gctectggee tetgocggceca gogeggygggygce ggagagagga gagtgcecogg caggcoeggcogg 300
ctgggccggce ccggaactgg gtcecgtggaag gatcgegggg agceggcecectce aggecttegg 360
cctcactgeg tccecccactte cctgegeceg cctgcececgeecg agecccecgget gggggtgggc 420
gcggcgcegayg cggttaaagg gecggtgcat ttaaaggagce ggtgcacgtg ggtctcectgag 430
gecgtgtagca ggcgggggceg ttttgttett cttetcectete goecggagace tcececgttgege 540
cgagtccatt cggcctcectag caccgggtcece tgggcatget ttcecccecggga aggaggcgcg 600
cgggggctet geccgcacgt gaggggcagg gecgcaggcet caagcectaga gecggtttet 660
gttagcagcg gtgtttggcect gttttatcag gcatttccag cagtgaggag acagccagaa 720
gcaagctttt ggagctgaag gaacctgaga cagaagctag tcccceccectet gaattttact 780
gatgaagaaa ctgaggccac agagctaaag tgacttttcce caaggtcgcece caggtacgat 840
atagcagagc caggcttcga ccccagtgtce ctggcettcecta gatctgetgt ccatccectcec 900
gagcagacct cacccctgtt tattgcectta ataagtattce cctttgaaag gtatgaacgg 960
tgttgagtga agtaactgca tccecctattta caaatggaga acctgagagce attccataga 1020
gacgattgta gactaactta actcagaagc gacagcctgg ggttgceccaag gectgtctacg 1080
aagtaacttg attaggaccg accccagctt ccagtaagga agcctctgat gectcectgtag 1140
ccaattctgc agacacctga gcctccaagg ccttcagceca agacctttgg cggtaattgg 1200
agtctcggga taagctgcectt caggtgtgtg agcecctcaggt tcecttcectetcee tgaatgtggt 1260
tgtgggcagce cggtgactgg cgcaggtgca gaaggggcect ggttcttggce cccacctcag 1320



agctgcgtcec

ggcttggggy

gtaccctttg

gggagtgagt

gctaggggct

tcecgtagetyg

ctgttatcga

atcttgtaca

attattacct

tgtggcttca

cttgagtttt

ctgggaaagt

daadaaacca

cgggttttca

caaatatttc

cgggggtgag

tgggatgacc

tcatgtetgt

gtttgagacc

ccgggegtygg

gcttgaaccc

gggcaacaag

gaaagatcag

atgggctgcet

ccaccattcet

tcatgtttat

gttgcccagyg

ttctagcgac

ctcccagcta

tctcaaactc

aagcataagc

tgttcacata

tgtgtatcct

aaagcagatt

ggacactttc

ccatatgtgyg

gcagagtgag

gtgagtgagt

cttgtgagtyg

tcacgacgcc

catgttgcett

gtgttgaagt

ggcttgttcc

getgetgggy

ctcaccgtcc

tgttaataat

gaatattaga

ttttacagaa

gtgctttaag

tgcgcaggag

tttgtggagt

aagcagtgtg

gctgttgett

tgcaagtatt

gctgagagge

atcatgttaa

aatcccagca

agcctgacca

tggcacatgc

aggagygcgyga

agcaaaactc

atgtcagtga

tgttcatctt

gctgtacctt

tctagaaaat

ctggagtgcg

tctectgect

atttttgtat

ctgacctcag

cattgcgctyg

tgcatattta

gttttttety

tgatggctgt

ccaccctcocc

gcactcccca

ccetgggggce

gattagggag

tgctcccaga
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cacgttgagc
tgaagtggga
gcccatgtgce
tgtctattty
tgcctggagc
ccccaaggygyg
gacatatatc
atttaagatc
gaggaaacaa
caccaggatt
gttcctgtat
ccccatgage
tgtaggtcac
tgactttcygg
cccacctgtt
cccgagagga
tgtctggaga
ctttgggagyg
acatggagaa
ctgtaatccc
ggttgcagtg
catctcaaaa
gggagatcat
tgtgaaaatt
aaccagaaac
tagggaaaaa
atggtatgat
cagcctcectg
ttttattaga
gtgatccgcc
ggctgagata
tctattaaaa
ttatgccttc
gtagagcatt
ttttgccccea

ccatggagcc

adgagadada
catttcttga

aagcctgtgt
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cttgggttcc

tggatgtatc

caagtcttga

aaagagcagc

tgtggtgcat

ggtttgcctce

tcgcttatga

ttaagaattt

gttcagggag

tgaacatagc

Ccaactccta

aacttcctga

atgcagtgtg

acactgttta

ctattcccag

acattttcca

aaagaatgat

ccgaggtggyg

accccatctt

agctactcag

agccgagatc

daaaaaaaaat

ttcttgagag

ctagaacggy

ttactggact

aaattttttt

ctcagctaac

ggtagctggyg

ggcggggttt

aaccttggcc

accactctta

caatagaggyg

agaattttcc

tgaattattt

gagaagcagt

aaacctacct

cttgagagtt

cacatacctg

agtgtgtggt

-continued

agddgcagada

aggtttttgg

gtccagcatyg

aaggagdadd

aatgtcacac

ttgcctactt

gttggtcata

caatgacact

ttaagcagct

tggctacact

ccegtgtcetce

cadaaacaaacda

tctaatgaaa

gttggggact

ctgccacagc

ctgggctcca

ttcaggctygyg

tggatcacct

tactaaaaat

gaggctgagyg

gggccatggc

ggtttcacat

cctcttcact

aagaacaatt

CCttttaaaa

tgagatggag

tgcaacctct

attacaggtg

caccatgttg

tcccaaaatg

acatgcattt

agggaaccgt

ttttattgag

atcctaccag

gccctetgtc

gggcaagtag

ttgaggtgac

ccegtggtga

gggcctgect

ctggagtgag

ggaaaactct

ttcacatgtg

addagcaady

CtthtCCCC

tggcctttet

ataaaaagct

gaaatagttt

agtccagtta

gtctttatct

tccactactg

aaattttttt

acatctctgy

gataagacag

tgcggaaagyg

atcctggaga

gtgctgtggce

gaggtcggaa

acaaaattag

caggagaatc

actccagcct

cagtcctcag

gagtgggaga

caaagggtgt

Caaaagtaat

Cttcactctt

gﬂttgﬂﬂggg

cctgccacca

gccaggctgg

ctggtattac

ccttccacac

aggtgaagtt

tactcatgga

tcccacagca

ctccccatgc

cadagygdyaga

agatgagctyg

aggcatgtgt

gtgtgaccaa

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

42



accctggcca

atgggcagtt

tacttttgcc

gcgttgatgg

atttgataat

tctetggggc

tttccaagag

catcttcttt

atctctaggt

aatgagctgt

tcacataggc

cttgctgctyg

aggggctccc

agagaactct

tagagcctgy

gagggtggta

ccagggagaa

tggaccaaat

tgggcaattyg

gtgggacttc

cgtgttaaaa

tgagaagaag

taagtgcagt

ggaggcagat

cattggcctt

aggaaattgg

ggggagattc

agctgattaa

aagcagctat

ggacacttcc

gggtgggaga

cCcacccccac

aatgtggaca

ctccaaggat

gccctcagga

gctaggtaaa

CthtCCtCC

taaatgttga

atacagtctyg

aaccactctt

ctgggtacgt

tggagacttyg

cctcectaggcet

cctttacggt

atgtttacgt

ctggccttty

gcacatccat

ataactacga

tttacgataa

gtcagattag

aggcgatctyg

cttgtttaaa

tctcceccactt

gcctgggccc

cccaaaattc

gggcagtacc

ccatccocccaa

acatagtcgy

tctgggtatc

tcagacgtca

accagcgcty

aaaccaagtyg

gactcccaac

ttccatggga

aaatgttaag

gtcattgggt

tctaggtcag

tgggaatgtg

cagcctcagc

ttctgectet

cdgdgdaaadc

ctgceccecgtga

gacacctagc

ttcagagcac

attcagaggy

tcagaggggc

tggccaatga

tgctegttat

Cgtttattat

ggttctacca
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gaccctcaca
agttgtaact
tcagttgtcc
ccttgecagc
ggccatagtyg
aagccagttc
aggctaccgt
cttattgaac
tcttgcaagy
actgtctgag
aaccctgtca
aataaatgtyg
ccccacaaac
caggcacttc
aggaggcccc
tcacttccct
gtggtatgtg
gtacccaggyg
acctgacctt
ggagagtgat
cectetttga
tccgggattc
ctgcttttga
gtttgctgty
gccaaagcct
ttccataatyg
actccettgy
cagtggcttc
acttccttgt
ctgcatttte
tggtcgctga
gtcagcctcce
agtgttgttt
cagcaggctt
tagcagaagt
tgagggacaa

gaggggatct

CLCtcctttaa

ggcgacttag

tgcaaagata
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agtgctgact
gtggetttty
ttaattataa
tctgacattg
cctggggcetyg
atgtgtctygg
gtcctttete
atctactgtg
tatgcctgtt
gcctecttggc
gtctccaaag
tttctggagce
cacccttttce
tgagtgggac
atcagagggc
ttgagactca
ttactatatg
ccaggyggydgdygag
agcaaactct
gtgagggagc
aagccaggga
agacctctct
accctctttt
gcattttgaa
ttacatttct
attgcaggaa
tttggctaat
tttggatgtt
tggaaggctt
ctgccacttc
gtggctgatg
ggggagagtt
atctgcacac
cagagcagac
ccatcccaga

atgaaaaaag

Jgdaggggca

agaattaata

agaaatgcag

atcatcttta

-continued

gggctgagaa
gccatgggac
tacagggagc
tcctatggat
ggccgggaat
tggttcagca
actgtgtccc
tgctggacac
ctgcttttta
cagggagtat
cctetgettt
ctactccaga
cctggcetget
agggctgtta
ccectggggec
ggccccagcet
agctgagatyg
gaaggtgagc
CCCttgtttt
tgtgtgacca
gcatcattca
gcggcecccaa
tccattagga
atctgtttet
ctgtaatgaa
ctgctgacac
tcagcagttt
tgattttgca
tccagaacgt
tctagagaat
ggacttgaca

catcgegtcea

gtttgggtgg

ttaggtggct

tgctctgttt

ttacagcctt

gatgtagagg

gcctaaaata

aaaaatatca

atgttttgta

gagctccttyg

attaactgat

tgactaggtg

atgtccttte

ggaaacttga

gatccgtaac

ccctecattt

tttacaggtt

cagcagagga

gtggttcaaa

tgaccgctga

ggggcgtget

tcaggaaatg

gaggtaagtc

tgtggtccegyg

ctggcttagyg

gatggtcagc

agggaagctg

aagcgaggac

tagaaagtga

tttagcctygce

gtgttcgtgg

ttttceteegt

tacctagttc

aagaaggtcg

aagcacggct

gatcccattc

tcctaatcca

agtctatgtt

ggggtgcagyg

tcacccagcc

ccggcactet

tgatttttec

tgcaaagcag

tccttcagga

tgagtcccat

aaaatctgtc

aaccctacag

agaaaataaa

atatttccga

3720

3780

3840

3900

3960

4020

4080

4140

4200

4260

4320

4380

4440

4500

4560

4620

4680

4740

4800

4860

4920

4980

5040

5100

5160

5220

5280

5340

5400

5460

5520

5580

5640

5700

5760

5820

5880

5940

6000

6060

44



CCttttatat

ttcggttaaa

tggtggtcct

taaagtgttyg

gagacccagt

caagagctct

ccectagttgce

tctcatgtgy

cactcacctt

ccaggaaaag

ccectgacact

agtggtgaag

ttgagcctct

gtttagtgcc

tgggccacct

ccacctgtca

tgacagctga

tttcttgaag

tttttgaaag

aggccgcatyg

ttcttectga

agcgagtgtg

tagcgcagtyg

tcacagatgt

CCCCECELLL

tgcagtggty

gctacagcct

gtatttttat

tcaggtgatc

tattagtggt

cctgggtcecc

gcacctttgce

cacaacatcc

attggaggct

catagcagag

tagcttccct

aagagccacc

atttagcttyg

attccceccatt

acatacattt

tttaacagcyg

gtcacagtct

attcttactc

Ctttccacac

cttctccececa

tctctgacca

caatcaagta

gctgagaaag

tctgacactyg

gggtgaggat

agtccagaca

gtttcctcat

ggctaagggc

ttgagaaaca

cccccacccc

gactagctct

tcttggtect

tggaatgagg

tatgaatgac

agacatgtca

gatgatgacg

tcacatggaa

cagggaacct

CCCLCECLLLE

cgatctcagc

tctgagtagc

tagagacggg

tgcccacctc

tggcaactga

ctgcttcectcec

tctectgetta

tctgaatgcet

gcagcctgtyg

ataaatcaca

gttcattcac

tgtacagcct

agaaaatgca

gccagagtgyg
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tataaggaca
tgtcattgtt
ccatgaagta
ctttcagtta
tctcectecyge
tgccgcetetyg
gactctaggt
gtgccaagca
ggccccagcec
gctgagaatc
ggagcttgga
cactacctag
cagtaccatg
tcagcaggtyg
gtgatcctaa
accaggctag
tccctgatta
cgttgttgtyg
gaagcagcct
gtttgtgggt
ggtcttgatyg
acagtggtca
agggtatggt
ctgctcacag
ttttttgaga
tcactgcagce
tgggattaca
gtttccccat
agacaggcat
atggagacgt
atcttcaccc
tccatttttyg
ccagctgttyg

gctttttagg

ggagcttaag
acccaaaaca

cgtatctcat

gcaactcttt

atagtgaggg
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ttcagatgat

caggttatta

gcatttcagyg

aggccagtgc

agtgggcatt

ctggtctgag

attcaggaga

gtgagagggt

tgttﬂgggtg

acccggggac

gatctgcatt

gtccaagggt

gggaagaata

ctggtccatc

gggattcagc

gagggttgtyg

ttccttaatg

ggcacagctt

gctcaaggga

tagaaagcat

agaccgggcc

ccaggtcact
cctttaaccc

aactgctttc

cagagtctca

ctcecgcecectcee

ggtgcctgcc

gttggctagg

gagcaccgca

gggaattgta

acccatcagc

ttgtgcattyg

tgggtctgaa

tacagggact

aggcatggga

aaactgtcat

ccagcacact

gttgtggtgce

aaaccctggy

-continued

caggttcgta

aatgtttgaa

atcgaaaggt

agtttgtcca

gttttgggcc

atttttccac

aagtgttcat

gaaggtgggt

attataaagc

caaccatccc

gttaataagc

aaccttgagc

gtagcacctt

tccaccagcc

atttcctaag

attagagggt

acagctctct

caggggaggc

acacttgttt

gttttgtagt

tgggcacagg

gtctagacca

taccctcececce

cagggattgt

ctctgtegec

tgggttcaag

accatgtcca

ctggtcttga

ceccagcccca

aggaactgat

CcCcctttctce

ctatttggga

gggtgagcct

cccagaactg

agaacagagyg

actagaaaag

gctgcagatyg

ccectetttga

tccaggcagyg

aagttttatg

ataagatttt

atgctgtgtt

ggtagtgact

tttttcagec

tcctecectect

tgtctcactce

gggtgaggga

agagacagtg

gaatgcggat

agcctagcag

Caattacttt

gctccaggat

cccagtggec

ttggtgcctce

gcccttgcetyg

CCttGCCth

cttggaggaa
tctggtgagy
CCCtccttgt
gcaggcagtc
ggtcactgtc
agcacaacta
CCLCCCLCCC
caggctgaag
tgattatctt
gctaattttt
actcctgacc
gggagcgtcet
tctacttgat
ctttaaacag
gcctaagaaa

gccctetgtce

ctcctcecagt

gaggagatcg

gaggtattaa

gaatattatg

gtaagagtga

agtctgttta

6120

6180

6240

6300

6360

6420

6480

6540

6600

6660

6720

6780

6840

6900

6960

7020

7080

7140

7200

7260

7320

7380

7440

7500

7560

7620

7680

7740

7800

7860

7920

7980

8040

8100

8160

8220

8280

8340

8400
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ggatttatct

Cttatttatt

gaactcctgg

gtgagccgag

ttccatagat

ggatgtgaag

cctggggect

caaaggctgc

gggggﬂtﬂtﬂ

ggcatggccc

aggataggtt

aatgagcccc

tccectettac

tcectgteggy

gctgttgtta

agtttgttca

tcttatttygyg

ctgtcttcayg

ggtggaagga

actctgtaat

tgagactagc

cctagtatgy

gcttgaaccc

aagtgaccag

ggtgacttac

gtgaagctca

tcagcctcetyg

cagcgatcac

gcagggactg
tgtgtagatt
cactgtttta
cgccectcecagt

taacctcagy

gacactcaaa

cttagtcccc

cttgacctct

cagctctcct

cagactgact

gtgtgtctcc

tgaggccctc

agtgaggctg
tatttatttct
gctcaagcga
ccaccatacc
gatgaaggaa
ctgtgctcta
agtctgaggg
ttttgtaaag
ctctgctygcea
atcctaccag
atgttatgtt
ctcctceccaaa
ttcttgtgac
tgcattgtcc
ctcctgtact
tgttgaaatc
ggatgaagtt
aaagaagggc
acctgcctgc
accagtgcectt
ttgggcaaca
tggcgtgcat
aggagttcaa
tgagaccctyg
ttggagacga
gccctgaggy
gacagacagc
tcagcctcetyg
tcagatttgc
ttggtacact
gg9gggcagyc
ggcacttccce

agacctggtc

gggtgaaatt

acctggcetgc

tgaccccttc

cacctgccac

tttataaacc

ttaacatggt

actggaacat
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agccagagga
tgtagagatyg
tctgtcetgec
cggcccttcet
ctaaagccaa
tttgtatgga
tactctgagt
ttcacttcag
ttaagctctt
gtccccacac
cccaactcat
ctctgectgy
ctgaggcatc
ttgtcactac
tgtctcatct
cctgtgatgyg
aaagtccctyg
agccacaggt
tttgtttaaa
tgggaggctyg
acgtgagacc
ctgcagccct
ggctgcagtyg
tctctagaaa
actttcagca
tctctggaca
gatcactcag
gacagcgata
caggcattgt
gggtccccca
ttccctecty
cacctcacac

ctcagacacc
catggtcttt
cattctagac
tggactctgce
agttgtctet
tggttcagat
gcctgagacc

tgtgccttet
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ggaccttaca

gggttttgcce

tcagcctccc

cctgcatttc

gaactttcca

ttttgctggt

gaagagggay

tCcacatctt

actcctccat

ttgagccaca

atgtttactt

tgaaatattc

tactcctgac

ccteoctgget

atcctaaaca

aggtgagcag

taggaataat

cttgttaagy

aaccacatat

aggcaggagy

ctcatttcta

agctactgag

agctatgatt

taaaaataaa

gagcgcacac

gcgatcactce

cctcectggaca

actcagcctc

ttgaagttet

cttggtacta

tcceccttggce

gtctgctctce

tcccagacayg

cccgagactc

tgtgttttet

cctcacttgc

gggggtcact

cttgtetgtce

ctgatcatct

gCCCttCCCt

-continued

gCLCLtLtLttctc

atgttaccca

aaactgttgg

cacctgataa

aggtcctgca

tcccagaact

gagggcccac

cctectggtce

caggcaccaa

tccaattgcet

aagtggttac

ctaacctttg

aactgataga

tttagctggce

gaaggtgctg

aggcagtctc

ccaggccata

ggattgaaat

agctgagtgt

atcacttgag

caaaatattt

gaggctgaag

gcaccactgt

aaaaatcaca

ctgctatccc

agcctcectgga

gcgatcactc

tgtccecegtce

tcccagccca

ctgtgtgaaa

cttggcecttce

atggcttagy

cttccecceccecatt

tcttetecgy

ctcctgegtce

atccatcctg

Ctccctctcet

aagattgtcc

ccactgccecg

ccteoctggga

Ctcaatttct

ggctggtctt

gattacaggc

Cttctctcat

gctctttggy

tcecectgtgge

acctcttcety

agaaagcttc

actcctccct

cgatattatc

ctctttccag

cagcttcaca

ctgtgtcccce

tttgcttecc

caggctgggyg

tgcctgtgec

gcecggggttyg

tggctgactt

agtggttcac

gccaggagtt

Caaaaattag

tgggagaatt

actccaacgt

tatattgtgg

tgcccagggt

cagcgatcac

agcctcectgga

tgagatgttg

gaaacctgca

ccccacttygg

ccetgggtec

Cctccacttce

Ctatcccata

tcttecceetgt

aggtcctgec

ctgctgtcect

ggtcagtggc

tcagggtgat

ccccacagtyg

aaaccagtct

8460

8520

8580

8640

8700

8760

8820

8880

8940

5000

5060

9120

5180

5240

5300

9360

5420

9480

9540

9600

9660

9720

9780

5840

5900

9960

10020

10080

10140

10200

10260

10320

10380

10440

10500

10560

10620

10680

10740

10800
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ccatcagata

gtgcttctgce

tgttttgttt

atctttggtyg

acagtttgga

cctcaggcca

ttttatggca

tccaagtctc

gaaagtggaa

tcacattcat

cggctgagag

agaacactgc

ggctactgta

gaagtaatga

gcagggtttc

acgctgtcca

aataggagag

gtagcagggg

ctgatacacyg

ccaggyygaygy

gtgtccttte

tttgceccatt

aatcctgcett

gtccctaagce

CECLtLCttgt

atgagtagtc

tactgaagca

ctcattagca

agatcggttt

tgcctgecca

ctagttcaga

tcttectetyg

actcctetag

cccatatcag

adddydgaaada

gcctgcagac

Ctctctactt

tatctggaaa

gataggctgc

ggctcttetce

acctaccatc

taagacaagg

cataatagat

gctgccctga

gccccaggca

gtcgtttgat

caggtcgcct

caaggtcctt

ggcctcectgac

ccoccacgcecy

ccagtgggta

ccttacagat

tgaggattgyg

ataggactgc

ctctgccacc

tttgtttgga

aagcattttt

attgactttt

agattgtaac

tctcccgatc

atagaattaa

gctgaaattt

cctgagtgaa

ttgttatctc

CCCLCLLCcttyg

actgtcattt

aggcagccca

gtgctagtgt

ccttcccaga

gctacaaatt

caaattccca

ctagtgattt

tatggccaca

Ccttttgatctt

catagcaacc

tgtcctcaca

gcaacattca

cgtgggggac
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tagaaaacat
aaacacccygg
gtgtttctta
gcaccacaga
ctttcgtggce
aggccgcetgce
tgacaggcat
ccagccaccc
gtgctecttt
agcgaggaag
cgctectgcec
ggtcccacca
gaaaaccaga
ccgaaaaggt
gcattcacag
ttgggtttac
tgcctgggtyg
tggcagatygg
gagctgggga
gttagaaaga
agggcagaac
aaaatgtctc
gagctcactt
atcacaccag
cgggaagttt
gctgaacgtce
tcagttttty
tgaccttgac
ctggcaggtyg
gcctgegtcet
tacatgcttg
gtatcttagt
gtcagccaaa
tgaacagaat
cattaaccat
CtCccttectt
aacttttcat

aacttctcat

attctgcggc
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tcgtgatctce

attgtatcat

Ctcatctttt

tgtttgctga

tatgcgtttt

tgcctcocatyg

ctcttggaag

cctgagtcect

ttccaggtgc

aagtgtgtga

aggaggygeay

gcagetgggyg

cattcattcc

gggtggcetgyg

ccagagatgg

ctctctcatyg

ctaggacagyg

ccagacatgg

tatttggget

gtaggatatc

atctgaattt

tgtgtggact

ctccatgttc

cttaaggcca

tgtacacttt

tagattggga

tttcatttygg

ttgccacagt

tCCthCCtC

tctcagatgc

attctgtggy

cacacygccaada

aatgtttatt

tgagtgacct

taagttgatt

catttatggt

atgccctagt

ttctggttec

cctcacgatyg

-continued

tgagatttgy

ttgtcacatt

tatccccaga

ttgaatgaat

gcccecceccectggy

gtaactctca

cttttggggce

ccactgcctt

ttccagaggce

tgagcggacy

gcagggccca

gccttcaaac

ctgatgcgdgg

ccatgatgga

acttggcagt

caggtcactg

taacacagaa

taagtgtgag

tcactgtgat

gttgggagag

gcctgaaccc

gttttettge

tccttgagaa

ctgctcectgece

ggttgtttca

ctctetetyge

CECLCCCCLLC

tccaaaacac

cctcgttacc

ttaacacctg

gcagaaagtt

gagagtgtcc

tatctecctygy

cctgagtcecec

cattaaccat

gcttcatcca

agctcataga

aaaaatccgt

tggtttccca

Ctccactttt

agatgatttt

gcccagcatyg

gagcacactyg

atgtgagtca

aggcctcttyg

aggacttgtg

tgtctcacag

agggctatgce

tccctaatgt

gaggatggag

aggtccctgce

agggagaagy

ccttccatct

gggctgaagg

ttteccactgt

gcttaggatyg

aggagtctgc

cattcagccc

ccacttagtt

tgttctetgt

agccagtctt

cggaaccatc

actcctcagc

gtttetgtte

agagaaccgyg

agctgttcac

aaattcttac

tcctcatttg

tttagcctet

caaagtaatt

ctgtgcactg

cctgtttect

tgtattagga

taagtcttgg

gctccaaatc

ctgctectta

gcattacatyg

cagagaagcc

10860

10920

10980

11040

11100

11160

11220

11280

11340

11400

11460

11520

11580

11640

11700

11760

11820

11880

11540

12000

12060

12120

12180

12240

12300

12360

12420

12480

12540

12600

12660

12720

127780

12840

12500

125960

13020

13080

13140
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aggagaacga

ggcygyCcCcycCcC

tgctgtttgt

gcttctacac

gtgagggcetyg

cagctccaca

gctcactgcec

cttecottgtt

tgagtgaagg

ctgcagaaag

aaacaaatca

cagatatttc

tttagtaaaa

ccecectoocece

tttaaagtta

tcttttaaag

gggagactga

ggcgagaccc

tagtctcagc

cagtgagcca

aaaatttttt

gtgggggatt

gcagcagtcc

gagcttatga

tggaggagtyg

actggatggg

gcagggaggt

agccacaggt

ggatggtgcc

ccctagecagy

catcagccct

gtgggccagc

gttatgacca

CCCtgcccCtc

aacagccygcec

tcceccaccecece

Ctattttctt

cgatcatgac

agtagctagyg

gcaggctaga

ggaggacggt
aggcctggag
gcctgtcact
agagaagaat
agttgccagg
ccagcagcgg
tcctggattyg
cgtataatgg
gcttagaaga
caagctcttg
cCtcctctcet
tcagctcact
tacatgcaga
tttcotgtggt
gggattttty
aaaggaataa
ggtgagagga
tgtctgtaca
tacttgggag
tgattgcgcce
taaaaaatta
cagcgcagaa
aggctgggaa
gctgcaagga
ctgggctggyg
tgagagaagt
catctagccc
ctgtggtcag
cgcactccat
tccagaatca
ttgccttete
gcctectcaa

tcttettggt

cagccacgct

tttagaaaaa

atcctgtctc

tttcttgaaa

tcactgcagc

actacaggtt

tctcacagtyg
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gaggaggacc
gaagagctga
ctgtgcatga
ggacagctgt
gg9gtgggggy
taaagagcag
tgacctactt
gttgataacy
gtgtctactyg
atcctgggca
gagtctctgc
tccagceccttyg
ggcagcagcy
cctcactgcet
tttcattteg
ggccaggtgt
ttatttgagc
aaaaatgcaa
actgaggtgg
actgcactgce
aaaaagaagt
caggtgaaag
gagtgaggtt
cagcagttgc
tggagctggt
gcctagggag
tcgtcectcac
ggtgccagga
cagggcagca

ctcaaggtgy

cctcagcatc
ctcegtgetyg
ggtgctctac
tctcteegte
cacaaattag
ccaccgtgga
catggtctca
ctcaacctcece

tgcaccacca

ttgcccaggc
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ctgaccgcta

ccctcaaata

tcgtggtggt

gagttggggyg

cgcagcagcec

ggatgaagaa

gggcatgctt

cagttactygg

cacgtgagtyg

tggctgtgcec

ttccctgaat

tgaggaagac

tagaaaaatyg

aagcaccttc

tgtgtgttgy

ggtgtctcat

ccaggagttt

aaattagcca

aagaacacct

agcctcagca

agagtcccat

catggagaga

tgagtgaatt

ttcagcggat

ggagaggtgt

cCctttaatcc

tgctgcactyg

aatgagctgyg

tgtgggcagc

ggagcctcga

tacacgccat

aacaccctca

aagtaccgcet

tgccccacac

aggaaaatag

tgacctaata

ctccattgcc

tgggctcaayg

tacctggcta

tggtctcaaa

-continued

tgtctgtagt

cgdagcdaaygy

agccaccatc

gctgggggga

tgtgttggtce

ccgcoccaggt

ttaacatccc

gagaattaag

ctcaggcaag

actgatccct

gtgaaacaag

ttataaagcc

agaagcttcc

tgtaaacttt

CCCCCCLttgt

gcctgtaatc

gagaccagcc

ggtgtggtgyg

gagcccagaa

acagagtgag

cctcagaaag

atgcagccag

gcttcecctgty

gggggtcggy

gggtgggtgyg

ctgtgggggt

ggcccagttyg

aggacaggaa

atgggcatcc

ggagcagtca

tcactgagga

tcatgatcag

gctacaaggt

catggcggca

acccagattt

ctgttgtett

caggctggag

ttctceccacce

attaaaaaat

ctcctggact

ggggttﬂﬂﬂg

cacgtgatca

aagtctgtgc

gcagggtggy

actgtacctg

tcatggcctyg

tatgcctcag

tgagttaata

ctggatcctg

gtgtgactgc

gtggttggac

Cttcgtttat

tCccacttctt

CCCCCCLCLLL

tgttgttgtt

ccagcacttt

tgggaaatgt

tacatgcctg

gtcgaggcetyg

accctgtcectc

cttatagtgt

cggtttgttt

tctgettect

tagtagcagyg

gggaatgaga

gggdaaadgdcda

gcaggctgag

ctgctcatgg

caggcacctc

gg9gceygggay

cacaccctcg

cgtcategtyg

gaggcccetgg

gggcccgtga

tttgtactecc

Ctatttttat

tgcagtggtyg

cagccccectca

CCCCLLLLtgt

caagtgatct

13200

13260

13320

13380

13440

13500

13560

13620

13680

13740

13800

13860

13920

1359580

14040

14100

14160

14220

14280

14340

14400

14460

14520

14580

14640

14700

14760

14820

14880

14240

15000

15060

15120

15180

15240

15300

15360

15420

15480

15540
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cccaccttygy

gtcttttaaa

Ctctcatatt

ccctcacccce

aggatgtgca

cctatagcetyg

catgggcact

ctcccaggta

Ctttaaaact

atggagcagg

caggyggaggygyga

ctgcaggatyg

tggtgcacgc

aggagttcaa

taagtaacaa

ttggcagatyg

catggggtca

aggtgtctgg

gcttccttgyg

ctgggatgaa

cagcagggcc

tgggctgagc

cactgtccceyg

actctcccecat

ctttgggtag

cccagtgagt

ctgctgatat

tgﬂﬂﬂgtggg

taggagacac

gctatgccgyg

actccttgga

aggcatgaag

ggccttagaa

tcatccatgy

accttgggta

agtggacatyg

cagtgccagc

gggagtggaa

tgaacccttc

cctcecaaag

Cttacacatt

tcaaagttaa

gatacttccc

gaggccatgc

ccgagtagcec

gcctgtcccce

aggggttgaa

gtttacacac

tagatagaag

gctgagcccc

tgtcctgagce

ctgtggtccc

gtctagcctyg

ttacctgtgt

gtgggaagca

agctagaaat

tggccagtcc

aggttccacyg

gagggttggce

gtggaggctyg

tggtgactga

ccgatggceca

ccttggecayg

gaggggactt

ctccectatcac

actgtatgtt

cagagacttt

ccagcattac

cagacctgag

cttctgtgcec

tagcctaatyg

tttgtggcgc

ctggttgatc

agtgacagat

ggcatgagga

cgttttggga

gtggggcetgce

atggagaagg

53

ttctgggatt
atcccacttg
ttttgtttty
ctgaagattt
tgaggtcttg
ccagggagta
aaagatgcca
cccocctaacga
aggtgcctca
tgcagagtgc
cttccagecygg
tgaagcttat
aactacttygg
ggcaatgtaa
aactgtgacg
gggtggaggy
tgcgtggcag
cagaggctgt
atacaggcag
aggtcccaga
cttttagtcc
tgagttggtc
gctaagggac
gagaagadgda
cccaggttcet
tgtatcctaa
tgtctatatyg
gctagcctty
ctttctaagt
ggagtcctgt
cCctttatct

aagagcattc

ttggggacac
atgtcttcac
aagcagcagyg
cctgggceggy

acccaggcect

atggtggacc

ctctcectgtga
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acatgtgtga

agttcctcat

CELCCCLLLC

atttttagtt

cagcccectggyg
gtggaagggc
taagctttta
tggaaaggaa
cagcattttt
ccaggctaga
gggcagcaga
caacaagtaa
gagactgagyg
gaccctgtet
aggcagggtt
ctgctggttt
atgtgaagag
Jaadayyyyc
atggtggtgyg
ggcagcccct

aggtagacca

ctcaggggtg

tgggttagga

acaggtcttt

ctgttgaggc

cattattttc

tcatctaaca

gttccagagc

gaaccagtag

ctgcatgcgc

gtaaggtggc

aggcttgggt

cttgtgatcy

tgatgctgcet

gtccctggga

gaaagatgac

ccgtegeccet

acatgtttet

accccagggy

-continued

gccattgcat

tgcagtgttc

tgaagttcta

CECCLLLtcCcC

agacttttgg

agatcccatc

gacagcggct

attaagctygg

tgttcaggcc

gggatgggac
gdggaaagcc
tgagtaccag
caggaggatc
ctaaaaaaat
tgaacattgc
gygagcagagyd
ctggccccac
tcagccatct
ccocgggeagce
tcccctttty
gggccacgct
aggctggtgyg
tcagccccect
ctgaggacct
cactctatct
tccatggecc
cccecctcacac

ctagaacagt

agatggggdy
tgcaggatga
cacctgatcc

atcagtctca

tgcaatttet

gttcctette

gCCCCtCtCC

catcgagctce

ctctecatggce

gtctcegttcec

gatagaaacc

ccagcoctgtt

caagcatcat

ttttaggcte

ttttcecgggca

gttgtagctyg

tggccagaat

tcaggetttt

gcattaccta

gctgccatcc

agggacagtg

atgggaggdyg

ctgggcattyg

gcctgacccec

aataataaaa

cgetgggagyg

atacagattg

tgcgggcagt

gtctagtagyg

caggtggtgyg

gctgtgtgtyg

gaggtcccag

gaagtgatgt

cttgtcette

gcttgtagac

aaaatagcac

tcatcattac

tggaacacaa

gcctggcaag

agaccgcaag

cctgagggga

cttccagegt

ggatcctggg

gttgtctagt

acctatatct

atgtggcaca

cagtcttccc

cttgacacag

tgatttaaaa

ccccaaaatt

15600

15660

15720

15780

15840

15500

155960

16020

16080

16140

16200

16260

16320

16380

16440

16500

16560

16620

16680

16740

16800

16860

165920

16280

17040

17100

17160

17220

17280

17340

17400

17460

17520

17580

17640

17700

17760

17820

17880
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tacattctga

tctatcgccc

caagagaaaa

atgcacattt

ggtaaattgt

ggactgaatg

ccaccttggt

ctcttgctyga

cctetggtgc

atcaagtacc

aggtgggcag

gtgctgcaca

gggatccctce

actcctggtyg

tttgagatgy

ctgcaacctc

gattataggc

tcaccatgtt

cccaaagtac

tgctatgcty

atcaagacag

atattagcat

ggctcagaga

tgcttgcagt

actggagaat

ccggggcetcec

caaggatgtc

aatgctggta

atgtgagtga

acaggggcct

ccactttcag

ttaggacagy

tcetecagey

ctcteccaggce

gcaaggagct

addgyaadyca

acatgcagtc

tgggggaccce

gtgattgtga

tctggegtcet

tttttaggct

cttgatttgg

cactttccca

ctgtgatctyg

aaggacagtyg

gtggtaaact

cctgcaggga

ctgtctggaa

tgcagcaggc

tcccagagtyg

caaggctggt

aggagddeag

ctgagagagt

gtctagataa

agtcttgctc

cgccteccecgy

atgtgccacc

ggccaggctg

tgggattaca

attgagcaag

tcotttgggt

gattatcatt

agtgggactc

tgcctgegag

gagaatttgg

tgtgctacag

tctgtcettec

gaaactgccc

gcccceccegty

gcttcecectgygce

aagccaggga

aagcaggcat

gcatgctgcyg

tcttgagaag

tctgggcettc

cacgggatgg

aacaaaggca

agcaggaaag

tgcccteggt

gcaaggtggc

3

aggcctgggt

gatatcagcc
aggacctttc

ttccaagcat

aaggtcgggg
gctaggctgt
agtgctcaag
cttcggggca
ctacctcatc
gtcecgegtgg
gggggcagtyg
gtgctgaagyg
cgcctttgta
aacgcagtag
tgtcgcoccag
gttcaagtga
acgctgggcet
atctcgaact
ggcatgagcc
tgcactgtta
accatgcata
gccagtattyg
cccagectgy
gccctactcet
gatgccagcc
ggcaggctct
tagatctcgt
aggagagaaa
cctectgectyg

cgtggcetttc

gggcagtatc
ctgctgggat
gtgcaggtty
ggactttgga
cttgacagca
ccecctggect
catcaagtcc
aagaccacag

ctgttgatgyg

ctgggaaaga

US 10,889,800 B2

actttctggt

tgacccaggy

catgtgcaca

CCCCECCttg

aaggaaatgt

aatgcctcca

acctacaatg

gtgggcatgg

atgatcagtyg

gtcatcctgyg

ggggcgatgt

gcttgcatcc

aaacagaggyg

tcactgagct

gctggagtgt

ttctcecectgec

aatttttgta

cctgacctty

actacaccca

agcactggac

tacataaccc

Ctacttccat

ccaccgcegtc

ggctcacacc

cagaggcaag

tcttcagggy

ggﬂtgtgﬂtg

tgagcccata

actcggggtc

agagttgact

ttgttattac

gtgctgcagt

cattcctgty

gagggattct

gcgtggcetga

cggggtcaat

ccattttgtyg

ggtcccaggc

cggggcttaa

gtttatggaa

-continued

ttgtgggaaa

gcccaaagag

gggtcttcca

ttttagaaaa

tagtaaagag

ctgagtccca

tggccatgga

tgtgcatcca

cgctcatggce

gcgccatctc

ccagggccaa

ctttctgcag

gggtccacta

cctcatttac

agtggcgcca

tcagcctcct

tttttagtag

tgatcggccc

gcctcatttt

acgctgtaag

caaatgttag

tttaaggtta

tcgggtgcac

agggcctget

gcatgctctyg

gﬂtgﬂﬂﬂggg

tgtcccaaag

ttccetgcecce

agcaggcagc

gggcgatccc

acagtaagaa

ccctgacttc

atccecgcage

tcagggcagg

ttggcattaa

gtgtagagat

acaggcactg

ctcatggagce

atagcctgaa

cagctacaga

aattatctgt

actgggagga

ggtcatgccc

tgctgcaaat

ggccaggttg

gtcacaggct

ctaccccacce

ctggaagggc

cctagtgttce

tgtgtatggt

atcgtcccca

aggcctgggt

tttctggaac

CCCCCCLCLLL

tcttggctga

gagtagatag

agatggggtt

gcctcagect

ccattattac

tgatttgtte

ctgctatttg

aagaattgga

agctcctcca

ctaagttgtg

agagctccac

gatagtttga

ggcctctgag

tgatatactc

ctgtggggdy

aggagggrtct

gcttagaaayg

atcccgtceca

caccccteag

gggtcgggga

tcctaactga

ttggacttac

tgctaggcat

tcacggccct

tttctggagce

gttctaggta

17540

18000

18060

18120

18180

18240

18300

18360

18420

18480

18540

18600

18660

18720

18780

18840

18500

18960

19020

12080

12140

19200

19260

19320

19380

19440

19500

19560

19620

19680

19740

19800

19860

19920

19580

20040

20100

20160

20220

20280
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ccttcatgca

ggaaagcaca

ccaggactgt

gctctgatag

aatgcaagag

gcagatacct

ccoceccaggcec

ccceccagetgc

ccctccagct

atcactgggy

gcatgagttc

ttgaagattc

ctgggcgtgg

ccecttetty

ttgtccectc

cctatgacag

acccagggga

cttcagccta

agggcatgag

cctgcagcegc

gggccacgtg

gagacacqdy

ttggggaggy

gagaaagtca

cactagagga

adyaagccddy

agacatgcga

tgccagccca

aacagcccct

caggactcca

dadyaggadc

actggtgtgc

cctccagaca

tgcaaattta

aactcaggaa

agacagggtc

aaccttgact

acaggcacgt

tgttgcccecgy

gttgaggatt

ttccaggcgc

catgagtgtc

acctggttcet

agagtgactc

gcaggatgga

ctgcaggcag

catggtgtgg

cccctacgac

ggcagctccc

aggagygyggca

agcaagtgtt

gtgggtggag

gagctttgtt

ctcacggtga

ttttggggag

ggagctggag

cggcegdgdgage

gg9gagggygecc

tggggtcttc

ccegtgetgt

cagtaatcac

gcggceagygay

gctgaggaag

gaggagcaca

ggcgggatgce

agataggagt

ctgctgegtyg

gccttgagag

gtgacacggg

aggtgcgcac

tgcagaccag

ccagccacdaa

gggctcccat

agcactacac

tcgetcotgtt

tcetgggetce

gctaccacac

gctggtttcg

S7

cgagcccgta
attccgagga
ccagggctcg
tatgctttag
tggacccctce
gggtcctgtyg
ccactgttag
acggttggca
ccggagatygg
tacctgcacc
gagggaaagyd

ggaccctcgg

tgggggaagc

ccectggtaac
tgacggacat
ccttcatacc
gaagaggagy

gygagacagay
ccttttecca
tcagcaggcc
gctgggtgag
atagactgag
agcatgccac

taactgctga

gggtggggag
agagagcaga
tcatcctggce

ccaggcagca

gtgccttacy

adgggcaadc

cctccaggca
gagttagcac
gctctagagy
gaccccctta
ttaaaattgc
gcccaggcty
aagtgatcct
ctggctcatt

aactcctggy

US 10,889,800 B2

gaggagaatc

tgagcggaga

ggggattcac

gaggggagac

ccacaacggc

caggctttct

caccgcectga

tggcgaagct

gtgagtatct

cagctctgcet

tccgttgaaa

Ccctctgceca

cctggtgtcea

actctgacca

CELCLCLtcCcC

ccgaagtcett

aaagtaaggt

ggtggaggcet

tcagaggcat

ccatgtagtt

gcccagcecect

aagccaagga

ggggcttcett

gctgagctcet

catttcctga

agtgtgggag

gtcagtacac

ccectggagca

ggagcagcct

tagggaaaga

ggcttggggy

agatcccacy

gtctagatgc

ggttcaataa

agtttgtttt

gagtgcagta

cccaccttygy

tatattttta

ctcaagtgat

-continued

gcctgcageyg

ccatgtatgg

ccgtgaactg

aaacagtaac

ctcctaacaa

gygacdgcoadda

gatgtgaacc

ggaccccetcec

tggggagcta

cggcctgget

accagccgga

gcctotgttyg

ggtgctggtyg

gctgttgttt

tggacaccca

tgagcctcecce

gcccatgttc

ccectgecagec

ctctgtgaaa

gtccggcatyg

ggtgggaccc

ctatgaaggyg

gacctggttyg

gaaggttgag

cagacagact

agccttgceaa

ggtgcctgcc

gggagatgct

ggtgacagtg

tcactctgcg

aggtatttat

gggcocygcay

cacttgtgct

cttgctagaa

ttgttgtegt

gcacgattgt

cctectgagt

gtagagacaa

ccacctgcct

tggccccacy

aaaggtagtg

tgaggtcttg

agaatagaca

tggagcatga

ctggccacct

CELtCctccte

tctcagggtyg

acagcctctc

tccctgagag

cacatgcggc

catcgttctg

ctcaggggga

ctcetetetty

gaagaagact

ttgactggct

acacggcctyg

tgggtggagyg

gtagaagatyg

tattgagtat

acaggctaag

ggccatgggyg
gcaggggtga
tcacagcagt

caggaatcag

acaggcctygy

Caacacccaa

gcactgtcgt

gcttggcata

gtgggtctgg

tccaaggcca

gactggcctc

tctgaccecgygce

tgactcacag

tttgttttygg

ggctcactgc

agctgggatt

ggttttgact

tggccttceca

20340

20400

20460

20520

20580

20040

20700

20760

20820

20880

20940

21000

21060

21120

21180

21240

21300

21360

21420

21480

21540

21600

21660

21720

21780

21840

21900

21960

22020

22080

22140

22200

22260

22320

22380

22440

22500

22560

220620
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aagtactggg
gatgcaactc
cctggtgggy
agggcadgygdy
cagtgagcaa
gagagcattt
atttacctgt
ttttgaatgt
gtacagcagt
gtgcccaaca
aagtcaccca
ctgtccatgt
ggcaagagca
ctcttcagta
cCtcatcttc
taccacgctg
gcctecgtggt
gggattttte
gtcagcttga
ggaggacagt
ctccaggecyg
gatgacatca
tagtgaggac
ggggcactag
gtcagttaac
agatttcgct
cttagtgaaa
tctttttgcece
actgccttac
tcacctggac
cttcccagygyg
tactgccatt

cttaccatcc

gcactgctcce

ctaatggggg

ataatggggt

actagaccat

catgtcctgce

CCCgCCCtCC

gtgﬂggﬂﬂgt

attataggtc

aggaccagcc

gaadqagygac

aggtgggcct

agttatccta

tggaagctct

tgtaaggtga

actgaaatta

gcccagcocca

ctggttttac

gtccacaggt

ccccagtcca

gctgggcectt

cgggttactyg

tacagtgtgc

gcctgettceg

ggggyCcCcCcCcC

ACCLCLECEC

gaccaaggct

gceagyggdagy

aggacccagc

gatttgcaga

catgttttcc

gggtggﬂﬂﬂﬂ

gtgaccagat

gtcacgttag

accctgggca

cacaagtata

ctgagccctyg

cactgcctgc

gcaggttgcc

tcagttgagc
catgtgacca

aggagtcagg

tgagaacttc

gtctagcgcc

gactcacagc

agggcttgtg

ccatctccat

tcatggacac
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tgagccacag
aaatgaagag
agctggggcc
ccatggtttyg
taaacaagtyg
aatttcctga
aaggttcttc
aattccctaa
aggccttgca
ctgagtttca
gtccccectgcet
catcttagcet

ctgggccaga

tctcectectcea
tggtgggcaa
tggccatcct
agggtcctca

ttccctetga

cacaggaggt
gtgaggagtg
tgacagcttt
aaagaaaatt

ccectecteca
gttactgtga
acacataatyg

aggaggagya

tggcatgatt

tcagggatgg

ctggccoccaa

atcagctggy

tggcggctct

ccacctagct

ctccagecag
aggcctgect
tgcccttaac
gttatccgac
tcctgtcecac
tctgacccetce

cacgttcggy

cctggectcec
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cacccggceca

acagtgaaga

agdagcagda

tgtttattgc

tcagggacca

tcagtaatgy

agaggacctc

aaatctgtga

Cttctatttg

gaactgcccyg

ttcccactgy

tctagaggcc

gtttctctte

cacagyygydgcC

ggﬂggﬂtgﬂﬂ

cattgtgagt

ttgtggtggg

gdgacaadad

gtgctcgecce

taccggcccc

gcgcagtgat

gcttaagggc

tgccattggy

accacagcag

gggagacgtc

gcgtcectgagce

aaggttgatyg

gatggtggac

agatatagaa

tcaggggagg

gattcccttyg

ctcatataaa

acaggdgagy

tctggttcac

acctcaagag

tggtcctcga

accagggatc

ctgctgctty

CCCcatctttt

catcagctct

-continued

aaattagttt

agtaatgctg

gggacacctyg

ataaccattt

ttgcactaaa

gtagactaat

tgtettggty

ttcagacttc

CCgttttctt

cttttetetg

ccactgattt

aggtggggtyg

CtLttccatt

gtgaagcttyg

Acdyygcagcy

ggctggggat

ggcaggtctc

caggyagcedgy

ctaggtgggc

agcegtggetyg

gataccctcyg

cttgcccatg

acaccacagg

tgaaatgtgg

ctgccgtgac

cgtgcgettyg

ctccagtgtce

ccaggctcect

ggcaccctgyg
atgggcagcc
gtgccagcty
tacatgttcce

cagcacggcc

tcactaacag

ctgttgcagyg

acaagctcct

accacgctca

ctgtgttcaa

acttctccac

acatctgagyg

tattataaga
atggatcaca
cagggctgga
ttattgtcta
gaaaacaaac
tcccagttat
ttatatgggc
atactaaatt
tactctctaa

cccaggttgt

gygggaggcag
ggctgggcetyg
ctgtgcacgc
gcectegggga
gggactggaa
gcgtccaget
aggatcccta
ggctggaagg
tccagecctgt
agcacacagc
aggtggttgt
ggcgcaaagc
gtctgaatct
aggccctgta
ttcatctcag
gcatctgccc
cagaaggttt
ccaccaccag
ttceccectgtygce
cccacacctyg

ctgagaacct

ctgagggcat

tcggggcaca

gtgaggtgat

accagggaag

gtgcccaggg

ccctcecoecectce

gaaggcgctg

ggacaacctyg

gacatggtgt

22680

22740

22800

22860

22920

22980

23040

23100

23160

23220

23280

23340

23400

23460

23520

23580

23640

23700

23760

23820

23880

23940

24000

24060

24120

24180

24240

24300

24360

24420

24480

24540

24600

24660

24720

24780

24840

24900

24960

25020

60



gccacaggct

agtgccatat

gaggaggadgy

gctttgggga

agaaggtcag

gtgtgctegg

cctacgagga

aaactgagtc

tcaataaata

ctctecctgc

gtttgccctyg

agaaagtttc

agctgtaagg

cactgccagy

gaagcctgtg

gggcactgtg

ttgcaaagag

aatacttcgyg

ggcaacatag

gcatctgtag

ctgaggctgc

gcaagtgtgc

gtgccgggac

caggagcttyg

gaagdaadda

gtcagagacc

gcagacaydgy

gaaaagctta

gtggggtttﬂ

aaaggcctgy

gggcccttaa

aagtgttaag

dCaaadgacdac

ccagaacaca

tgccgaacaa

aactaatatc

agtcectgttt

ctgcccettcet

agaaatggta

gcaagctgca

atttttaaga

cagaaccagc

gcgcecctceget

attagggcgg

gagtggcccc

gtgttcccaa

ctgttcettgt

gatgagtcct

atcttgggca

tttgaaggaa

ctaagcaaag

ctgtggatgc

tggttgccaa

agggcctgag

gtgggagagt

aatctcagaa

gaggtcgagt

tgagactttyg

tctcagctac

aatgagccga

cctggggttc

aatgcatctt

CtLttccoccecceccea

cagaggaggc

tgggatgggy

atggtccctyg

ttcaatttygg

caaagatggyg

ccaagggttyg

gtagacagcyg

actgagaaaa

tggaggagat

aatggcaaag

gagcagggta

Cttccatatt

gtatgtggcc

catctatggt

tcatactgta

61

gggaattttc
CCLCCCCLLtC
tctttggtygce
tcacggacag
ggagaagagc
tggcacctygg
tgctttgtec
tacggcagtc
gttagaatct
ccocctgggat
cttttaatga
gagttaggag
tgagcaggtc
aacatccagt
ctcagaaacc
ggacagtttyg
gtgcctcttc

cggaaggatc

tacaaaaaaa
tctggaggcet
gatcaagcag
aaactggtac
tattatgaga
ggctgtttga
cgaacactgyg
ggcattgccy
atggtgacaa
caattatggc
attggacata
ctgggtggag
agygaggaay
caaggacatyg
gctacttgga
aagaaaaatyg
ctggtgttca
tgctccagat
ccagtcectgt

tagttttgtt

catatttgat

US 10,889,800 B2

attggatgca

cttaaaaaat

cagctgtttc

gaagcacagc

atccggcatyg

gtgctctggce

atgatgtcct

acactgctgy

tggagtttgg

aacttgtgct

tctcocgectet

agcagggtgg

cctggactcea

ggttccttcea

actctccttt

gctttgecett

ctgagcacag

acttgagccc

aatttaaaaa

gaggtgggag

gtgttaggta

CCcCtgtctcc

ggaatgagaa

ggaagdggcay

cgggtggaat

tcatggaagc

ctcgcaagag

agtgtttatc

tattttgaat

accacattca

aaatgaaggyg

tgagaagacyg

ggtccccaga

agagaatttyg

aacacctgta

ttgtctttag

tgcctecgec

ttgtatgttyg

aattttttaa

-continued

gttgtatagt

aaagtacgtg

atcaccagac

aggtttatcc

agggctgaga

tggagaggaa

tgttatttta

gaagtggctt

tccgttgtaa

gtgagcccag

ctgcacacat

cctgacatct

gttgtgcacg

gcaagtgttc

ccttetetygg

ctctgtacat

tggctcacac

aggagtttga

ttagccaagc

gatcacttaa

tatcagacag

ctgttccagyg

ttgtgtatct

aggaaaatgt

cccactgatt

cacaycygydy

gttaagggga
ttcagaagag

cattaagctt

gaggtaaagg

gcctggtgat

agdddyaadgdadgc

gagcagdgayd

taaaagacag

tCtCCCCCgt

aaataaaacc

tcetgtectyg

gcatgtttte

aatattgcat

CLtacactct

tttacttggt

tttggctcecce

agatgaactg

tgcgcaaaga

aagccagttc

ttgcctttag

aatagtaata

atgttgaccc

gatggaggca

Ctctttaact

gccagccoctyg

gtggcacaga

accctctgca

ctttggccct

caatcatggg

ctgtaatccc

gaccagccgyg

atggtggcat

gcccaggagy
ctgagaagac
aataacatga
tgacatttga
ggtgccctaa
agtagtgcag
agcgggtaaa
aagaaaaact
cagttttagyg
gaggtctttc

cagaaattgg

ggttagggtyg

attggagaga

acaaatgaac

cattcgaaca

gtaacccgtc

cacgttctga

aagtcgattt

Ctaactttac

tctggaggca

25080

25140

25200

25260

25320

25380

25440

25500

25560

25020

25680

25740

25800

25860

25920

25980

26040

26100

26160

26220

26280

26340

26400

26460

26520

26580

26040

26700

26760

26820

26880

26940

27000

27060

27120

27180

27240

27300

27360

62



tgtataaatyg

tgtcacccag

gttcaagcaa

atgcctggcet

ctcaaactcc

ggcgtgagcc

agttctactyg

cagctgtgct

ccccaattga

cgcaatctga

tgattggatyg

tgtacaaggt

cgcccaggcet

catgccattc

cceggcetagt

tctecgatctc

gtgtgagtca

catttttcac

gagagatgct

CCtCLCcttcCcC

ttattaaatc

atccttceccect

tctgaaatgt

caggtgtccc

cctgacatat

tagaacttgc

tggtgaaagg

gagggtatgt

ataatagtgt

aagatgggct

gtatcaggygg

cctaggcetygy

tagaaaaggyg

gcctatatte

aaatgtcttt

tggcgtgtcet

ggtcgtgagg

cgggaggceay

gaggyggaaygy

gccCcCcCCacc

tagctccagt

gctagagtgc

ttctectgtce

aattttgtat

tgactgcagy

accgtgecca

tttatatgct

gcagtgagca

ctggacattc

gagttcccca

ggtgtcattt

tccttcotety

ggagtgcagc

tcctgcctca

Ctttttgtat

ctgacctcgt

ctgcgcccag

ttggattttt

aatctttgat

ctgcctttag

tatcagtttt

accctcaagy

atttttatga

agcactgttt

accaagtttc

tctcectegeag

agaagatggg

aaatctgaag

ggaatggtgg

agaatccttt

tcagatgcct

ctgctgtgty

tgcatttect

aattggccat

atttcaagtyg

tttggtttac

gatcatgtga

cagatgacag

tgatggagct

gctgccacca
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tcatttattt
aatggcgtga
tcaatttcct
tttagtagag
tgatccacgc
gcccagttat
attgatcgac
tcccatcaca
ccaattaccc
actctataat
cctttaggtt
ttcattatta
agcgtgatct
gcctcectgag
tttgagtaga
gatccacccyg
cccaagtttce
tgtcttacygg
taattatatg
gagtgtttty
ttgcttgtat
CLtLtctaaat
ttgtatttag
actgaacagt
cataagtggg
gccaatgcct
gcctgtecty
ttacactgga
tgggagtcag
cacaggcaca
CCLCCtcctt
ctagccgtcea

cttcttaaaa
tagtcccacy
gccatatatc
caatgcagat

atcacaagct

cagtggggat

ggaccagcag

ttggctetet

US 10,889,800 B2

Catttatttt

tgttggctca

gagtagctgg

acggggtttc

accttggcect

Cttaactatt

ctgtaggggt

ttgtgtggat

tccaagtatyg

acttggtgtc

Ctataattat

Ctaatttttt

tggctcactyg

tagctgggat

gatggggttt

ccteoggectc

cttctetgtt

atatttaagc

cattgcaaat

ctggacccaa

ggcttatgcce

CCLCtattttc

tagggaccta

CECECCLLLC

tggatgggtt

caccaggtga

agagtttctyg

tctcecctaaaa

taagggttag

ggcagcttgg

tgagatcagt

agtcacactc

acatgtctca

gccatacctg

cacctaaaca

aatgaagtta

gatgtcttca

taaggtagac

tcagaatggt

acagaatgcc

-continued

ttgagatgga

ctgcaacctc

gattacagtt

accacgttag

ccaaaagtgc

gtatagtgtt

tttgcagtgt

ttgaggaagt

tgtctgttta

atcagacttt

CtLtttcatat

tagacagagt

caagctccgce

tacaggtgcc

caccgtgtta

ccaaagtgct

acttgttcat

ctcttaaaat

gtctggtaca

gtaattttta

attgaatctt

ataataagat

attttgtttct

tcgcectggtet

cctgagcetcet

ttgaagcaga

ttcctgagat

cagtataaag

gtcactgcag

agagggtgca

aagtggcttt

catccagcat

aagttgcaca

tctgagactg

agataaggga

ccaaaacaat

aagacggtgg

ctccatcectyg

cagtggttag

tgcgagtggce

gttttgctct

tgcctectygy

gccocogecacc

ccaggctggt

tgggattaca

ccattgtatg

ttctgtatta

attggaattc

tccttececatce

tcatcttgte

gtgtattggc

ctcgcgetgt

ctccecgggtt

tgccatcacg

gccaygyagyy

gggattacag

atcctcectgcc

atatattctg

ttgtggettyg

aatgttaatg

gttttaagag

ttttagttca

tctttgtaac

gtagaactct

ctactgttaa

gaaacttagyg

gctagaggca

ctacagaagt

tggtttaaac

atagtgcatg

cacctcatga

gaaaggaggt

cagcactttt

agagactggg
tacgtggtta

gagaaaatgyg

aaatgggccc

gggttaaaat

gagaccctcet

ttagagtgac

27420

27480

27540

27600

27660

27720

27780

27840

27900

27960

28020

28080

28140

28200

28260

28320

28380

28440

28500

28560

286020

28680

28740

28800

28860

28920

28980

29040

29100

29160

29220

29280

29340

29400

29460

29520

29580

29040

29700

29760

64



caaggatgag
ctgacagcac
tgcagtttgt
cctgtggtca
gagaaaggtyg
agggtccggt
gagctcccty
atataagcag
gacagtggtt
caaccttgtg
taactactat
ttgcccaaaa
taggtgctct
gggctgcecat
acacctgtaa
tcgagaccag
tgggcgtggt
cttgaaccag
tgtgacaaaa
agcaccttygg
ggcaacatgyg
atgtgtgtgt
atgacgttgg
attaagtttt
aaaaggggaa
caagctgcta
agagtcttat
ggtttgaaaa
ccgcatccat
agggactggt
gctgaaactyg

agatccttgy

tgatttgaca

gtgcagcctyg

acccctgatt

tggggaggat

Cttggggaga

ggaagtcagt

agaagtttcc

gtgcagatcc

agtctatgtyg

gattcggtga

ccecgcetgaga

ttgtgaggga

ctgagtgaat

aaggcagcca

aagtgctgtyg

gtggactctyg

ctaggctcgc

tctaatttcc

tcaagcaggy

tgactagcag

cttcetgtey

tcccagcact

cctggcecgac

gycdyygcacc

ggaggcagag

gcgaaactgt

gaggctgagt

caagaccccda

gaagtggtgt

gcacctgttc

aaaatttaaa

gataacatta

ctttgcaaat

cacctcaggy

ctcaaaccca

ggagagaggda

gtcatggtag

ctccacctca

cgtgcacagt

ggagdcedgagy

gttcctaata

tagaggaagt

gadagaada

aagtcaggtc

ggggttggaa

caccattcct
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atgtgcaccc
gattgcaagc
tgtgttttat
aggaagggtc
ccgtggattt
ggccagaaag
gggagatact
ttgctgtgtyg
tagagagtaa
actaaatgag
attttataga
agtagttagt
aaataggtcc
aggccactca
gtgggaggcc
atggtgaaac
tgtaatccca
gttgcagtga
ctcaaaaaaa
cgtgagaatc
tctctgccaa
ctcttcegtygg
atgtgcttac
gtcaaagatt
attcttgaag
gacccatgca
caggagatgt
gaagactcct
ggatgtgact
acagtttttc

ggtcatcagyg

tcacaatggy

ctcaggtggt

ggctatagac

aagggcatgyg
gaggaggtag
tcaggctcaa
ggtaggcagyg

gaggygygcay

US 10,889,800 B2

ccctgcecccec

cgatgaaact

gcttatgtga

ctgtaaccac

tgggacagct

ctgtggggaa

tgtcagtaca

caacactgga

cagtgacagt

Cttaccttca

tgaggaaact

atataagccc

tcccectgecagt

ddacacccaa

gaggtgggcyg

tccgtcetcta

gctactcagyg

gacaagatca

ddddadddadd

acttgagccc

aaataaaaaa

ctttgatctyg

tggtcagata

tcecctatgag

agaaggcctc

CtCLtaatttt

agggacttgg

tagagtttct

tagagcagtyg

cacagatagg

cattagattc

gttcgaggtc

aatgctcatc

tggtactggt

cttaccgtgy

ggaagacctc

cagtacctga

ggttatctte

gtggtaggtc

-continued

tctgtggaca

atgcaaagta

gtcgaatggg

tgcctttett

ttgaatggtg

gcttttagga

tgtgactaat

caccttagga

agcaaaccct

attctcgtaa

aaggcacaga

acggtatgtg

gtgtaattga

caggctacgc

ggtcacctga

ctaacagtac

aggctgagac

cgccattgca

aagtatgatt

aggagtttaa

tagtctaatt

catttccecta

CCCCECtCLtL

aatgactttt

tgagaaaaat

ccectaagga

gtcatttaat

cccaggaggt

gtccccaatc

ggttgggggyg
tcatgtggag
ctatgagaat

tccaccgcett

ccatggcctyg

gﬂﬂﬂtggggt

CCCtthtCC

tcctgtacca

tctgagccac

cccaagcaga

attttcatgce

gaagcatgcc

gcggcagggt

tcagctactt

gtagggagga

cattggccaa

ggccaactga

aggacctcga

tacccagtgce

caataggagyg

gatcactgac

gtttgtagaa

taacaagcat

acggtggctc

ggtcaggagt

aaaaattagc

agaagaatca

ctccagectyg

Ctataatccc

gaccaatcta

ttagctattc

atgctgacta

gttacatttt

aaaatgacca

acagttgtag

aggccaagga

aagagtggta

agggaadgdygdd

tttagggacc

atgatttgga

tgtgccactt

ccgatgcecac

accacctgct

ggggttgggyg

gttctgggaa

ccatttggga

Ccttccaaag

ggcacaagac

gagccagcag

29820

29880

29940

30000

300060

30120

30180

30240

30300

30360

30420

30480

30540

30600

30660

30720

30780

30840

30900

30960

31020

31080

31140

31200

31260

31320

31380

31440

31500

31560

31620

31680

31740

31800

31860

31920

31980

32040

32100

06



tcecctectetyg
gtgagagctyg
aggttccgag
ccccaattygg
cctactcgga
tagtaaaata
ggcttgaaat
tgagtttttt
caatgggtgg
ctgttggttc
taagaaaacc
cagagcactt
gaccctccaa
gattaatcgy
tttcctgagt
ctgatctacc
gtgtttactc
tctggaagat
ttcectatect
aaattaattct
<210>
<211>
<212>
<213>
<220>

«221>
<223 >

aggcctgcaa

gggaggctgg

tcttgccagc

ccacccagag

gdgdaacada

tttggggaat

tatcaaaata

CCCLttcattt

tctogatttt

tgaaaatgtt

ccccatgctt

aggcctctta

attcccattce

aataaaatgc

cggcagacat

tgatcctgcet

cccectattaaa

cttaacagtc

tgcaataatc

ttttagag

SEQ ID NO 2
LENGTH :
TYPE :
ORGANISM: Homo sapilens
FEATURE:
NAME /KEY: misc_feature
OTHER INFORMATION: presenilin-2 isoform 1

448
PRT

67

tggaatgggyg
gctggcettgce
aagggcctac
ccaccctect
aacctgagag
caggaagaat
aatttttaaa
CtCgattttt
gaaatacttt
ggattttgtc
tgtgttctag
gatgtctccc
ttagtcttet
tcattaacca
ccectetgga
gcccttcecat
aaaacaaaac
agaggttccc

cttttgaata
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tggggtgtcc

aagcacctgt

agctgccagc

ctgcctaccc

gctgaacaca

tatttgtact

aattgtaata

tctttttgac

cttctccaag

tcagccecttyg

cagacagctt

Ctgtttaatt

aaatgattag

aacttccctce

gaagaggttyg

tccacttceccc

cagaaaacgt

cctatttgea

aagtctctcc

-continued

actgagccaa

tataaccaaa

agagatggac

caccctccag

cacacatgga

attcctgcaa

acattctcat

tccagcatga

cctttcecatga

cttctggaaa

cctgcaaaga

atgacaagag

ctgagctgcet

ctttccccag

gccccagagt

cacatctgtt

gtttgcctag

atgatctcct

ttactaaatc

gggtctgtca

ccaggaaatc

agccaggaga

tactccagag

gaaacaaacyg

cCctttctata

actaaaacac

cttactctaa

caccctgtct

cagccaaggt

gccatcttcc

cacacacacd

Cttccececcact

gtccctaaac

cgaacatcct

ctttetggte

atcttgagac

Ctcctgcocccce

cagttcctaa

<400>

SEQUENCE :

Met Leu Thr Phe

1

Arg

Glu

Ser

Cys

65

Leu

Leu

Thr

Pro

Met

Thr

Gly

Gln

50

Ser

Glu

Ser
130

Tle

sSer
ATrg
35

Glu

Gly

Met
Lys
115

Val

Ser

Leu
20

Gln

Agnh

Val

Gly

Tle

100

Agn

Gly

Val

2

Met

5

Met

Gly

Glu

Pro

Ala

85

Vval

Gly

Gln

Tle

Ala

Ser

Pro

Glu

Gly

70

Val

Gln

ATrg

Val

Ser

bAla

Glu

Asp

55

Arg

His

Val

Leu

Leu
135

Val

ASP

Glu

ASP

40

Gly

Pro

Val

2la

Ile

120

Leu

Met

Ser

Ser

25

Gly

Glu

Pro

Tle

Thr

105

AgSh

Thr

Glu
10
Pro

Glu

Glu

Gly

Met

50

Tle

Thr

Sexr

Tle

Glu

Thr

Agn

ASpP

Leu
75

Leu

Pro

Val

Phe

Glu

Pro

Thr

Pro
60

Glu

Phe

Ser

Phe

Leu

140

Leu

Val

Arg

Ala

45

Asp

Glu

Val

Vval

Thr

125

Agh

Vval

Ser
30

Gln

Arg

Glu

Pro

ATrg

110

Glu

Thr

Val

ASP
15

Leu

Val

55

Phe

ASP

Leu

Leu

Glu

Gln

Val

Thr
80

Thr

Thr

ITle

32160

32220

32280

32340

32400

32460

32520

32580

32640

32700

32760

32820

32880

32940

33000

33060

33120

33180

33240

33258

08



145

Leu

Trp

Leu

225

Leu

Gly

Pro

Phe

Ala

305

Pro

Pro

Glu

Phe

Trp

385

Leu

Pro

Leu

Tvyr

Met

Thr

Agn

210

Val

Val

2la

Leu

Pro

290

Glu

Glu

Glu

Tvyr

370

Agn

Thr

Tle

Val

ATrg

Leu

Tyr

195

Phe

Leu

Phe

Ile

ATrg

275

Ala

Leu

Met

Val

Glu

355

Ser

Thr

Leu

Ser

ATrg
435

Leu

180

Agnh

Gly

Gln

Tle

Ser

260

Met

Leu

ASP

Glu

Phe

340

Glu

Val

Thr

Leu

Tle

420

Pro

Tvr

165

Phe

Val

2la

Gln

Lys

245

Val

Leu

Tle

Pro

Glu

325

Glu

Glu

Leu

Leu

Leu

405

Thr

Phe

150

Leu

Ala

Val

Ala
230

Val

Ser

310

ASpP

Pro

ATg

Val

Ala

390

Leu

Phe

Met

69

Phe
Phe
Met
Gly
215
Leu
Asp
Glu
Ser
295
Ser
Ser
Pro
Gly
Gly
375
Ala

Gly

Asp

Tle

Thr

ASpP

200

Met

Leu

Pro

Leu

Thr

280

Ser

Gln

Leu

Val

360

Phe

Val

Leu

Thr
440

His

Tyr

185

Val

Ile

Glu

Val

265

Ala

Ala

Gly

ASDP

Thr

345

Ala

Val

Phe

Tle

425

Leu

Gly
170
Ile

Pro

Met

Trp

250

2la

Gln

Met

2la

Ser

330

Gly

Leu

2la

2la

Lys

410

Phe

2la
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155

Trp

Thr

ITle

Ile

235

Ser

Val

Glu

Val

Leu

315

Phe

Gly

Ala

Ile
395

Ser

-continued

Leu

Leu

Leu

Hig

220

Ser

Ala

Leu

ATYg

Trp

300

Gln

Gly

Pro

Leu

Thr

380

Leu

Ala

Phe

Hig

Tle

Gly

Leu

205

Trp

Ala

Trp

AsSn

285

Thr

Leu

Glu

Gly

Gly

365

Gly

Ile

Leu

Ser

Gln
445

Met
Glu
190

Leu

Leu

Val

Pro

270

Glu

Val

Pro

Pro

Glu
350

ASP

Ser

Gly

Pro

Thr

430

Leu

Ser

175

Val

Thr

Gly

Met

Tle
255

Pro

Gly

Ser
335

Glu

Phe

Gly

Leu

Ala

415

ASP

160

Ser

Leu

Val

Pro

Ala

240

Leu

Gly

Ile

Met

ASpP

320

Leu

Ile

ASDP

Cys

400

Leu

Agn

Ile

70

<210>
<211>
«212>
<213>
<220>
<221>
<223 >

SEQ ID NO 3

LENGTH: 19

TYPE: DNA

ORGANISM: Homo saplens
FEATURE:

NAME /KEY: misc feature

OTHER INFORMATION: Forward 5'-2' Primer

<400> SEQUENCE: 3

catcagccct ttgcecttcet

<210>
<211>
<212 >
<213>
<220>
<22]1>
<223 >

SEQ ID NO 4

LENGTH: 20

TYPE: DNA

ORGANISM: Homo sapiens

FEATURE :

NAME /KEY: misc feature

OTHER INFORMATION: Reverse 2'-5' Primer

<400> SEQUENCE: 4
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ctcaccttgt agcagcggta

<210> SEQ ID NO b5

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Homo sapilens

<220> FEATURE:

<221> NAME/KEY: misc feature

<223> OTHER INFORMATION: Forward 5'-3' Primer

<400> SEQUENCE: 5

acagaattcg ccccggcectg gtacac

«210> SEQ ID NO 6

<211> LENGTH: 25

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«220> FEATURE:

<221> NAME/KEY: misc feature

<223> OTHER INFORMATION: Reverse 2'-5' Primer

<400> SEQUENCE: o

taagcttggce acggctgtcece aagga

<210> SEQ ID NO 7

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Homo sapilens

<220> FEATURE:

<221> NAME/KEY: misc_feature

<223> OTHER INFORMATION: Forward 5'-3' Primer

<400> SEQUENCE: 7

tcagcatcta cacgccattce

«210> SEQ ID NO 8

<«211> LENGTH: 20

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«<«220> FEATURE:

<221> NAME/KEY: misc_feature

«223> OTHER INFORMATION: Reverse 3'-5' Primer

<400> SEQUENCE: 8

agcaccacca agaagatggt

<210> SEQ ID NO ©

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Homo sapilens

<220> FEATURE:

<221> NAME/KEY: misc_feature

223> OTHER INFORMATION: Forwad 5'-3' Primer

<400> SEQUENCE: 9

attcgccceceg gectggtaca ctgceca

«210> SEQ ID NO 10

«<211> LENGTH: 27

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«220> FEATURE:

<221> NAME/KEY: misc feature

<223> OTHER INFORMATION: Reverse 2'-5' Primer

<400> SEQUENCE: 10

-continued

20

26

25

20

20

26

72
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-continued
ctgtccaagg agctgcaggc ggcgcag 277
«210> SEQ ID NO 11
«<211> LENGTH: 25
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
«220> FEATURE:
<221> NAME/KEY: misc feature
<223> OTHER INFORMATION: glN141I guide RNA F
<400> SEQUENCE: 11
caccgcatca tgatcagcgt catcg 25
«210> SEQ ID NO 12
«211> LENGTH: 25
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
«220> FEATURE:
<221> NAME/KEY: misc feature
<223> OTHER INFORMATION: glN141I guide RNA R
<400> SEQUENCE: 12
aaaccgatga cgctgatcat gatgc 25
«<210> SEQ ID NO 13
<211> LENGTH: 100
«212> TYPE: DNA
<213> ORGANISM: Homo sapiens
«220> FEATURE:
<221> NAME/KEY: misc feature
<223> OTHER INFORMATION: Donor ssODNH#A N1411
<400> SEQUENCE: 13
gagagaagcg tggctggagg gcagggccag ggcecctcacct tgtagcagceg gtacttgtag 60
agcaccacca agaagatggt cagggtgttc agcacggagt 100
«<210> SEQ ID NO 14
<211> LENGTH: 21
«212> TYPE: DNA
<213> ORGANISM: Homo sapiens
«220> FEATURE:
<221> NAME/KEY: misc feature
<223> OTHER INFORMATION: Forward 5' Primer
<400> SEQUENCE: 14
taacggcggce agacaaaaag a 21
«210> SEQ ID NO 15
<211> LENGTH: 22
«212> TYPE: DNA
<213> ORGANISM: Homo sapiens
«220> FEATURE:
<221> NAME/KEY: misc feature
<223> OTHER INFORMATION: Reverse 5'-3' Primer
<400> SEQUENCE: 15
gaagtattgc ttcagttggce ct 22

«<210> SEQ ID NO 16

«<211> LENGTH: 21

«212> TYPE: DNA

<213> ORGANISM: Homo sapiens

«220> FEATURE:

<221> NAME/KEY: misc feature

«223> OTHER INFORMATION: Forward 5' Primer

<400> SEQUENCE: 16
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-continued
agaagaacgg caagtacgag a

«210> SEQ ID NO 17

<211> LENGTH: 21

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«<«220> FEATURE:

<221> NAME/KEY: misc feature

«223> OTHER INFORMATION: Reverse 5'-3' Primer

<400> SEQUENCE: 17

tgttgaggga cagattgtgg c

«210> SEQ ID NO 18

<211> LENGTH: 21

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«220> FEATURE:

<221> NAME/KEY: misc feature

<223> OTHER INFORMATION: Forward 5' Primer

<400> SEQUENCE: 18

taacggcggce agacaaaaag a

«210> SEQ ID NO 19

<«211> LENGTH: 22

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«<«220> FEATURE:

<221> NAME/KEY: misc_feature

«223> OTHER INFORMATION: Reverse 5'-3' Primer

<400> SEQUENCE: 19

gaagtattgc ttcagttggce ct

<210> SEQ ID NO 20
<400> SEQUENCE: 20

000

«<210> SEQ ID NO 21
<400> SEQUENCE: 21

000

«<210> SEQ ID NO 22

<211l> LENGTH: 20

«212> TYPE: DNA

<213> ORGANISM: Homo sapiens

«220> FEATURE:

<221> NAME/KEY: misc feature

«223> OTHER INFORMATION: Forward 5' Primer

<400> SEQUENCE: 22

acgaatctcc gaccaccact

«<210> SEQ ID NO 223

«<211> LENGTH: 20

«212> TYPE: DNA

<213> ORGANISM: Homo sapiens

«220> FEATURE:

<221> NAME/KEY: misc feature

«223> OTHER INFORMATION: Reverse 5'-3' Primer

<400> SEQUENCE: 23
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-continued

ccatggccac aacaactgac

«210> SEQ ID NO 24

<211> LENGTH: 22

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«<«220> FEATURE:

<221> NAME/KEY: misc feature

«223> OTHER INFORMATION: Forward 5' Primer

<400> SEQUENCE: 24

gaagtgtccce aggacatgat aa

«210> SEQ ID NO 25

<211> LENGTH: 22

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«220> FEATURE:

<221> NAME/KEY: misc feature

<223> OTHER INFORMATION: Reverse 5'-23' Primer

<400> SEQUENCE: 25

ctcttgagta gctgggattyg ag

<210> SEQ ID NO 26

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Homo sapilens

<220> FEATURE:

<221> NAME/KEY: misc_feature

<223> OTHER INFORMATION: Forward 5'-3' Primer

<400> SEQUENCE: 26

ctcegtgetyg atcaccctceca tcatgatcag cgtcatcggt tatgac

«210> SEQ ID NO 27

«<211> LENGTH: 48

«212> TYPE: DNA

<213> ORGANISM: Homo sapilens

«<«220> FEATURE:

<221> NAME/KEY: misc_feature

«223> OTHER INFORMATION: Reverse 3'-5' Primer

<400> SEQUENCE: 27

gaggcacgac tagtgggagt agtactagtc gcagtagcac caatactg

<210> SEQ ID NO 28

<211l> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Homo sapilens

<220> FEATURE:

<221> NAME/KEY: misc_feature

223> OTHER INFORMATION: Forward 5'-3' Primer

<400> SEQUENCE: 28

catcatgatc agcgtcatcg

<210> SEQ ID NO 29

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Homo sapilens

<220> FEATURE:

<221> NAME/KEY: misc feature

<223> OTHER INFORMATION: glN2411 guide RNA F

<400> SEQUENCE: 29

20

22

22

46

48

20

78
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80

-continued

caccgcatca tgatcagcegt catcg

<210>
<211>
<212 >
<213>
220>
<22]1>
<223 >

SEQ ID NO 30

LENGTH: 25

TYPE: DNA

ORGANISM: Homo saplens

FEATURE:

NAME /KEY: misc feature

OTHER INFORMATION: glN2411 guide RNA R

<400> SEQUENCE: 30

aaaccgatga cgctgatcat gatgc

<210>
<211>
<212 >
<213>
220>
<22]1>
<223 >

SEQ ID NO 31

LENGTH: 118

TYPE: DNA

ORGANISM: Homo saplens

FEATURE:

NAME /KEY: misc feature

OTHER INFORMATION: Donor ssODNH#A N1411

<400> SEQUENCE: 31

gagagaagcg tggctggagg gcagggccag ggcctcacct tgtagcagceg gtacttgtag

agcaccacca agaagatggt cataaccacg atgacgctga tcatgatgag ggtgttca

What 1s claimed 1s:

1. A method of generating basal forebrain cholinergic
neurons (BFCNs) comprising:

culturing pluripotent stem cells (PSCs) in a basal media

comprising an inhibitor of transforming growth factor
beta (TGF-[3) signaling and an activator of sonic hedge-
hog (Shh) signaling thereby inducing neuroectodermal
differentiation, wherein the inhibitor of TGF-[3 signal-
ing 1s SB431542 and LDN193189 and the activator of
Shh signaling 1s smoothened agonist (SAG) and pur-
morphamine, and

wherein the basal media lacks basic fibroblast growth

factor (bFGF), TGF-f, lithium chlonde (L1i—Cl),
GABA and pipecolic acid, thereby generating BFCNs.

2. The method of claim 1, wherein culturing 1s performed
for a duration of about 4 to 9 days.

3. The method of claim 1, wherein the inhibitor 1s present
in the culture media from about day 2 to day 8.

4. The method of claim 1, further comprising selecting for
1solating CD271+cells.

5. The method of claim 4, wherein 1solating 1s performed
alter about 9 to 12 days of culturing.

6. The method of claim 3, further comprising culturing the
CD271+cells to generate neuronal embryoid bodies (NEBs).

7. The method of claim 6, wherein the CD271+cells are
cultured for about 7 days thereby generating NEBs.

8. The method of claim 7, turther comprising;:

a) harvesting the NEBs; and

b) dissociating cells of the NEBs and re-plating the

dissociated cells as a monolayer.

9. The method of claim 8, wherein the re-plated cells are
cultured for an additional duration 1n culture media having
growth factors to maintain survival of the cells, and wherein
the cells express Tujl, MAP2, BF1, Nkx2.1 and p7/3.

10. The method of claim 8, where the cultured cells
exhibit mature action potentials.

11. The method of claim 1, further comprising culturing
the cells to confluence prior to contacting the cells with the
activator or inhibitor.
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12. The method of claim 1, wherein the PSCs are human
cells.

13. The method of claim 1, wherein the PSCs are induced
pluripotent stem cells (1PSCs).

14. The method of claim 13, wherein the 1PSCs are

derived from a subject diagnosed with, or at risk of having
Alzheimer’s disease (AD).

15. The method of claim 14, wherein the 1PSCs are
produced using a BFCN from the subject having a mutation
in presenilin 2 (PSEN2).

16. The method of claim 15, wherein the mutation 1s
PSEN2N141I.

17. The method of claim 15, wherein the mutation 1s
repaired after generation of the 1PSCs.

18. The method of claim 17, wherein the mutation 1s

repaired using a gene editing system selected from the group
consisting of CRISPR/Cas system, Cre/Lox system, TALE
system and homologous recombination.

19. The method of claim 17, wherein the cultured cells
exhibit a normalization of Ap42/40 ratio as compared to
control.

20. The method of claim 17, wherein the cultured cells
exhibit a reduction 1n electrophysiological deficit as com-
pared to control.

21. The method of claim 20, wherein the reduction in
clectrophysiological deficit comprises restoration of maxi-
mal number of spikes and spike height in response to
depolarizing current as compared to control.

22. The method of claim 1, wherein the cultured cells
exhibit homogeneous expression of Nkx2.1 by day 8 of
culturing.

23. The method of claim 1, wherein the cultured cells
exhibit recordable action potentials by day 8 of culturing.

24. The method of claim 1, wherein the cultured cells
exhibit mature action potentials by day 38 of culturing.
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